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Abstract 
 
Abstract 
CZTS (Cu2ZnSnS4) solar cells offer an earth-abundant and non-toxic alternative to CIGS 
(CuIn1-xGaxSe2) and CdTe technologies. In a one-bath electrodeposition approach for CZTS, the wide 
deposition potential difference between Cu and Zn would result in dendritic morphology with poor 
adhesion to the substrate. This challenge was explored in Chapter 4 with three different additives 
(citric acid, thiosulfate, and thiourea) in pH 1.5 – 2.0, where Sn2+ is stable. Cyclic voltammetry was 
used to study reduction and oxidation peaks in electrolyte baths containing the metal ion and 
additive. Citric acid did not show significant complexing effect while thiosulfate and thiourea 
exhibited a negative shift in Cu deposition potential such that the deposition window is defined by 
Sn and Zn instead of Cu and Zn. In the pH range investigated, thiourea was found to be much more 
stable than thiosulfate, which decomposed to sulfur particles. 
With a suitable additive (thiourea) identified, a one-bath deposition of Cu-Zn-Sn was explored in 
Chapter 5. Electrolyte baths with Cu2+, Zn2+, Sn2+, and an additive was used for electrodeposition of 
films at -0.2 V, -0.5 V, -0.8 V, -1.1 V, and -1.3 V. Films deposited using thiosulfate showed weak 
adhesion to the substrate, and flaked off easily. Nanostructures obtained from citric acid and no 
additive exhibited were similar, highlighting an inactivation of citric acid at low pH values as 
suggested in literature. Nanostructures obtained from thiourea were different. In terms of film 
homogeneity, electrodeposition with thiourea resulted in films with improved surface coverage and 
less pinholes than the case with no additive and citric acid. The composition of the films exhibited a 
Sn incorporation from -0.5 V and below, and Zn incorporation from -1.1 V and below for citric acid 
and thiourea. 
Once films of Cu-Zn-Sn were obtained, sulfur was incorporated using co-deposition of metal ions 
and sulfur particles in Chapter 6. A comparison of continuous and pulsed co-deposition was explored 
and films obtained from pulsed co-deposition were found to exhibit significantly better film 
homogeneity, hence pulsed co-deposition was used for subsequent studies. Sulfur loading was 
increased from 0 g/L to 0.32 g/L and 0.64 g/L. The morphologies obtained from these films were 
similar, with sulfur incorporation increasing from 0 g/L to 0.32 g/L, with a slight increase from 
0.32 g/L to 0.64 g/L. 
The results obtained from this work will be advantageous towards an economical one-bath 
electrodeposition approach for earth-abundant and non-toxic CZTS solar cells. In addition, this study 
is helpful for future possibilities of a multi-metal electrodeposition in a one-bath approach.
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1. Introduction 
1.1. The Dilemma with Fossil Fuels 
Current electricity producers that rely on fossil fuels are faced with a dilemma. On one hand, 
there is an increase in global demand for electricity as the world population increases and many 
communities become industrialised. Global energy demand is predicted to increase by 56% from 553 
quintillion (1018) joules in 2010 to 865 quintillion joules in 2040.1 On the other hand, to meet 
increased electricity demand by burning fossil fuels would emit greenhouse gases that prevent heat 
from escaping into the atmosphere, contributing to global warming. Hence electricity producers are 
hard-pressed between increasing supply from fossil fuels and reducing carbon emissions. 
Furthermore, the economic and environmental cost of extracting fossil fuels continues to increase as 
oil reserves are depleted. What is necessary to meet future electricity demands for emerging 
economies is a gradual reduction in fossil fuel reliance and a shift towards clean alternative sources 
of energy. 
As the world seeks to reduce dependency on fossil fuels, three potential alternatives rise to the 
competition – wind, hydro, and solar. While each of these alternatives has their strengths and 
weaknesses, there are several advantages that solar energy has over the other two. Firstly, solar 
panels do not produce any noise when generating current from sunlight while wind turbines emit 
considerable noise from turbine blade rotation and moving parts in the gearbox. Secondly, unlike 
hydropower, the installation of solar panels does not require large areas in comparison to dams 
required for hydropower. In addition the environmental impact that solar has is less compared to 
deforestation of forests and land clearance required in hydropower. The panels can be installed 
anywhere in places where there is sufficient solar radiation. On the other hand, installation of 
hydropower plants requires large areas and water bodies. This heavy dependence on geological 
landscape confines the use of hydropower to certain locations. Thirdly, solar panels are suitable for 
providing electricity to rural areas that are isolated from the national grid system as the panels 
operate independently from the grid. In addition, solar panels allow point-of-use power generation, 
which reduces transmission losses along electrical distribution lines that connect to rural areas, a 
feature that the other two alternatives do not have. Finally, the modularity of solar panels offers 
users flexibility of installation to scale up or down depending on their energy usage. In addition, with 
decreasing costs for electricity from solar, grid parity (when the cost of electricity from alternative 
sources of energy is equal to or lower than the grid) is becoming a reality as prices are approaching 
the industry benchmark of US$1/watt. 
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With regards to nuclear power, the United Nations World Commission on Environment and 
Development (UNWCED) classified nuclear reactors that produce more fuel than they consume, such 
as breeder reactors, as renewable sources of energy.2 Although nuclear energy is able to provide a 
secure energy supply with low carbon emissions, other issues such as management, transport and 
storage of nuclear wastes is expensive. There are also concerns in leakage of radioactive waste from 
storage containers into groundwater that would affect local communities. In addition, in the event 
of an accident or leakage, evacuation and containment costs could easily escalate. Technical 
challenges aside, the unfavourable public perception of nuclear energy dampens policy 
consideration of nuclear alternatives.  
In view of these factors, solar energy “shines” as a promising candidate for 
environmentally-friendly electricity production. 
1.2. Increased Global Adoption of Solar Energy amidst Dwindling 
Fossil Fuels  
In recent years, countries around the world are recognising the potential solar has to offer amidst 
depleting oil reserves. In the United Kingdom, since the launch of the UK Renewable Energy 
Roadmap in 2011,3 solar photovoltaics has experienced huge growth by nearly 60% in 2013 to an 
installed capacity of 2.7 GWp, accounting for 14% of renewable electricity in the UK.4 In the United 
States of America, the dedication of the government towards increasing electricity from 
photovoltaics was demonstrated with the SunShot Initiative launched in February 2011. The 
initiative aims to reduce costs of utility-scale photovoltaics from $4/W in 2010 to $1/W by 2020 to 
meet increased electricity demands of up to 14% by 2030 and 27% by 2050.5 In Japan, cost of 
installing non-residential megawatt-scale photovoltaics has halved from 800 000 yen (≈ 4600 GBP) in 
2006 to 360 000 yen (≈ 2100 GBP) in 2013.6 On the global scale, photovoltaic cumulative installed 
capacity reached 136.7 GW at the end of 2013, a 35% increase from the previous year.7 
This increased global adoption of solar energy is a response to dwindling sources of limited fossil 
fuels and the greenhouse by-products. According to the BP Statistical Review of World Energy 2013, 
world reserves of oil and natural gas will last for another 51 and 57 years respectively with 2012 
consumption rates.8 In another study, the U.S. Energy Information Administration presents a similar 
energy resource reserve outlook of 47 years for oil and 57 years for natural gas with 2012 
consumption rates.9 In 2014, the BP Energy Outlook 2035 reported an expected rise of global energy 
consumption by 41% from 2012 to 2035,10 which would result in a lower number of years of 
reserves. These predictions, and the push for solar by both government and industry highlight the 
importance solar energy will have in the near future. 
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1.3. Electricity from Solar Energy 
 
Figure 1.3.1 Absorption of photons with energy (a) higher and (b) lower than the band gap of the material. 
In order to generate photovoltaic current from solar energy, the energy of incoming photons has 
to be higher than the band gap of the absorber material to excite electrons to the conduction band, 
as electrons are not allowed to occupy energy states within the band gap (Figure 1.3.1a). Hence, 
only photons with energy larger than the band gap will be able to produce photovoltaic current. In 
the case of photons with energy less than the band gap, the absorber material will be transparent to 
the photon (Figure 1.3.1b). After photo-excitation, the electrons are separated from the holes by the 
internal field in the depletion region (discussed further in Figure 1.3.2), and promoted to the 
conduction band free to move in the external electrical circuit, giving rise to photogenerated 
current. Note that not all photons absorbed will result in photovoltaic current due to losses in 
recombination due to possible defects.  
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In relation to solar cell efficiency, the efficiency is determined by: 
 𝜂 =
𝑉𝑜𝑐 ∙ 𝐽𝑠𝑐 ∙ 𝐹𝐹
𝑃𝑖𝑛
 Equation 1.3.1 
Where η = efficiency, Voc = open-circuit voltage, Jsc = short-circuit current density, FF = fill factor, 
and Pin = input power. From the equation above, the efficiency is dependent on three factors (Voc, Jsc, 
and FF). 
The Voc is linearly related to the band gap of the material.
11 With a higher band gap, the material 
will have a higher Voc. However, this does not correlate with an increase in η as the amount of 
photons absorbed will be less, since only photons with energy higher than the band gap is absorbed 
by the material. Hence a higher band gap material leads to a decrease in Jsc. In view of this tension, a 
compromise between high Voc and high Jsc lies at an ideal band gap of approximately 1.4 eV.
12 The fill 
factor is dependent on other factors such as shunt resistance and series resistance. A high fill factor 
for high efficiency would require large shunt resistance and low series resistance. A low shunt 
resistance would result in power losses by providing an alternate current path for photovoltaic 
current, while a high series resistance would result in power losses by voltage drops in the intended 
current path for photovoltaic current. These parameters and their effect on solar cell performance 
are listed in Table 1.3.1. 
Table 1.3.1 List of photovoltaic parameters and comments for high efficiency solar cell. 
Parameter Dependent on For high efficiency solar cell 
η Voc, Jsc, and FF Maximise Voc, Jsc, and FF 
Voc Band gap High band gap for high Voc 
Jsc Band gap Low band gap for high Jsc 
FF Shunt and series resistance High shunt and low series resistance  
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Figure 1.3.2 Schematic of charge generation with (a) overview of layers present in a solar cell. Electron and hole 
behaviour (b) before equilibrium, (c) in equilibrium, (d) during photovoltaic charge generation. 
Solar panels generate current from sunlight as a result of the photovoltaic effect. In a solar cell, 
the p-type and n-type material is sandwiched between an anode and a cathode (Figure 1.3.2a). The 
anode and cathode serves as electrodes for charge extraction, while the p-type and n-type layer 
serves as the heart of the solar cell where charge is generated. The p-type layer includes electron 
vacancies also known as holes, contributed by p-dopants, such as boron in p-type silicon. On the 
other hand, the n-type layer includes predominantly electron carriers, contributed by n-dopants, 
such as phosphorus in silicon (Figure 1.3.2b). When placed together and allowed to equilibrate, 
electrons and holes at the p-n junction recombine, leaving behind negatively charged p-dopants in 
the p-layer and positively charged n-dopants in the n-layer. This region is known as the “depletion 
region”. The stationary dopants result in an internal electric field (Figure 1.3.2c). This electric field 
prevents further movement of electrons into the p-layer and holes into the n-layer. When photons 
with energy higher than the band gap of the material is absorbed, electrons and holes are 
generated. The internal electric field drives holes to the p-type layer and electrons to the n-type 
layer (Figure 1.3.2d). By connecting the anode and cathode into a circuit, electrons will travel from 
the cathode to the anode, through the external circuit creating a flow of current.  
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Figure 1.3.3 Schematic of electron excitation in (a) direct band gap and (b) indirect band gap materials. 
Inorganic solar cells have two classes of band gaps, which are direct or indirect. In a direct band 
gap material, the minimum of the conduction band has the same momentum (k-value) as the 
maximum of the valence band. Hence only a photon is required to excite an electron from the 
valence band to the conduction band (Figure 1.3.3a). On the other hand, indirect band gap materials 
do not have the same momentum (k-value) for the minimum of the conduction band and maximum 
of the valence band. For electrons to be excited in an indirect band gap material, a phonon (for 
momentum transfer in the form of crystal lattice vibration) and a photon with energy greater than 
the band gap are required (Figure 1.3.3b) for charge generation. 
In view of the different requirements for electron excitation, materials with direct band gaps are 
generally preferred over indirect band gap materials for increased photocurrent generation. The 
ideal band gap according to the Shockley-Queisser limit is 1.4 eV, which equates to a maximum 
efficiency of 34%.12 
1.4. Thin Film Solar Cell Technologies: Silicon, CdTe, CIGS, CZTS 
For long-term production of solar cells, there are several criteria which have to be met by the 
material used. The first criterion for an efficient solar cell is suitability (direct band gap preferred 
over indirect band gap materials) in light absorption. A material that most effectively absorbs light 
generates increased watts per meter square. Likewise, a direct band gap material would be more 
effective than an indirect band gap material. Next, the toxicity of the material has to be considered. 
This is especially important when issues such as waste management and recycling of toxic 
compounds are considered. For industries, adopting a non-toxic material would result in fewer 
complications with environmental legislations. Finally, the availability of the material should be 
evaluated for possible long-term use. Furthermore, a material that is rare would lead to higher 
prices. In addition, solar cells based on rare metals mined in politically unstable regions may be 
sensitive to price volatility.13 
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Figure 1.4.1 Abundance of elements normalised against Si.
14
 Earth-abundant elements used in CZTS solar cells are circled 
in green for comparison with rare elements circled in red. 
Through the years, materials scientists and engineers have developed compounds from the 
Periodic Table that eventually fulfil the three criteria. Figure 1.4.1 shows photovoltaic elements used 
and their availability, and Figure 1.4.2 shows an overview of the evolution of materials used for solar 
cell applications. 
 
Figure 1.4.2 Evolution of materials for inorganic solar cells. Red arrows represent the replacement of elements along the 
groups in the Periodic Table. The evolution has been driven by three criteria: suitability, toxicity and availability. Roman 
numerals above indicate group number in the periodic table. For transition metals, the numerals indicate valency in the 
compound. For each technology, green text indicates criterion is met while red text indicates unmet criterion. 
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In the 1980s, silicon (Si) received much research attention as a semiconductor material during the 
growth of the semiconductor industry. Si is one of the most abundant elements in the Earth’s crust 
and its natural abundance made it attractive as a semiconductor material. Industries and institutes 
started research to optimise p-n junctions in doped-Si. Since the heart of a solar cell lies in the p-n 
junction of a semiconductor, this development in industry facilitated the translation of Si to the solar 
cell industry. The global annual production in 2013 was 38.7 GWp, with silicon-based solar cells 
having a 93% (55% multicrystalline silicon, 35.9% monocrystalline silicon, and 2.1% amorphous 
silicon) share of total production, followed by CdTe at 4.9%, and CIGS at 2.1%.15 However, despite 
the growing industrial market largely driven by domestic uptake, Si has disadvantages as a solar cell 
material, the first being its non-ideal band gap of 1.12 eV, which is not close to the ideal band gap of 
1.4 eV.12 Furthermore, Si is an indirect band gap material. This meant that for electrons to be 
excited, it requires both a phonon and a photon for electrons to be extracted. The need in Si for both 
phonon and photon for electron excitation results in less efficient light absorption as compared to a 
material that requires only a photon. To overcome the suitability problem of Si as a solar cell 
material, alternative materials have been developed. 
In the early 1990s cadmium (Cd) and tellurium (Te) were used to form the CdTe compound. The 
compound was used to substitute Si due to its direct band gap. Furthermore, CdTe has a band gap of 
1.44 eV, which is close to the optimum of 1.4 eV. These properties allow CdTe to absorb light more 
efficiently than Si. The success of the CdTe solar cell was welcomed by experts in the solar cell 
industry when First Solar announced that their manufacturing costs was US$0.84/watt in the fourth 
quarter of 2009,16 which is below the industry benchmark of US$1/watt. In 2012, First Solar further 
reduced manufacturing costs to US$0.63/watt.17 This exciting development demonstrated that grid 
parity is possible with thin film solar cells.  
Despite the success of CdTe, the use of toxic Cd in CdTe production remains an environmental 
concern. Long-term human exposure to Cd leads to kidney failure and bone softening.18 The toxicity 
of Cd has identified it as a restricted substance in the European Union Directive 2002/95/EC 
Restriction of Hazardous Substances (RoHS), and its use in solar cells is restricted (by regulations in 
the directive) and subjected to periodical review.19, 20 The use of Cd may one day face the same fate 
as its close cousin, lead (Pb), which was replaced by Pb-free alternatives to comply with 
environmental standards. This drive for Pb-free alternatives is also experienced in the perovskite 
solar cell, which will be discussed further in the next section. Furthermore, the idea of using a toxic 
element for an environmentally-friendly source of solar energy seems to be counter-intuitive. Also, 
the marketing of CdTe for public acceptance, and public relations for the company would be 
challenging for a global society that is moving towards the use of non-toxic materials. In order to 
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overcome the toxicity problem, copper (Cu), indium (In), and gallium (Ga) were used to substitute 
Cd, while Te was substituted with selenium (Se). This resulted in the development of the 
CuIn1-xGaxSe2 (CIGS) solar cell in the late 1990s. 
The CIGS solar cell has the advantage of a tuneable band gap that can be tailored from 1.0 eV 
(CuInSe2, when x=0) to 1.7 eV (CuGaSe2, when x=1) by adjusting the ratio of In to Ga. However, the 
rarity of indium (in the region of Cd, Te, and Se in Figure 1.4.1) proves to be a concern for long-term 
photovoltaic energy generation.21 Furthermore, global supplies of indium are predominantly 
produced in China, which produces 58% of total global supply (based on production in 2012).22 This 
raises concerns on price and supply volatility based on geo-political relations. In addition, the use of 
the rare metal to meet growing global energy demands will not be feasible in the long term. This 
problem is aggravated by the heavy use of limited indium for the growing liquid crystal display and 
light-emitting diode industries. In order to overcome the availability problem of indium, zinc (Zn) and 
tin (Sn) have been as substitutes. This has resulted in the Cu2ZnSnS4 (CZTS) solar cell which has 
emerged as a promising solar cell material in the 21st century.   
The advantage of the CZTS solar cell is that it uses elements that are non-toxic and 
earth-abundant. It is also a direct band gap material with a band gap of 1.5 eV, close to the ideal of 
1.4 eV. When S is replaced with Se, the band gap is reduced to 1 eV. By tailoring the amount of S and 
Se, the band gap of CZTSSe may be adjusted. The potential of CZTS as a solar cell material has 
attracted much research efforts. According to the science database, Web of Science, the number of 
research publications in CZTS research has tripled between 2010 and 2011. The suitability, non-toxic 
nature, and availability of CZTS materials position it as a viable alternative to current CIGS and CdTe 
technology. As of the middle of 2014, the highest efficiency is 12.6% reported by Wang et al. who 
used a nanoparticle ink approach with hydrazine to synthesise CZTSSe.23 In industry, a submodule 
efficiency of 8.6% has recently been reported by Solar Frontier.24  
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Figure 1.4.3 Phase diagram reported by Olekseyuk et al. for Cu2S, SnS2, and ZnS system at 670 K.
25
 
However, the CZTS solar cell is not without its disadvantages. Being a quaternary material, the 
synthesis of CZTS has proven to be challenging, as secondary phases may form during annealing. 
Figure 1.4.3 presents a phase diagram by Olekseyuk et al. for the ternary Cu2S-SnS2-ZnS system 
at 670 K. As portrayed in the figure, there exists a tight space (denoted by 1) where the 
Cu2ZnSnS4 exists at the point of 33 mol% Cu2S, 33 mol% SnS2, and 33 mol% ZnS. Any deviations from 
that point would yield formation of other phases such as Cu4SnS4, Cu2SnS3, Cu2Sn4S9, and Cu2ZnSn3S8. 
Fernandes et al. investigated secondary phase formation during annealing and detected the 
presence of ZnS, CuxSnSx+1, SnxSy, Cu2−xS using Raman scattering analysis.
26 Hence, achieving the right 
stoichiometry of Cu2ZnSnS4 is challenging, as it demands precise control of deposition parameters.  
Production methods for CZTS either employ toxic hydrogen sulfide (H2S) gas as a sulfur precursor, 
or in a less toxic alternative, sulfur powder is used, and heated to form sulfur vapours at high 
temperature.27 The other challenge faced is the formation of a molybdenum sulfide layer between 
the CZTS layer and the molybdenum contact when annealed in sulfur environments at high 
temperatures. Despite these challenges, the CZTS solar cell is actively researched with exciting 
developments to overcome these challenges. Recently, Scragg et al. reported the use of TiN as a 
diffusion barrier to minimise molybdenum sulfide formation.28  
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1.5. Solar Cell Technologies: Organics, Dye-Sensitised, Perovskites 
Other than thin film solar cells, technologies such as organics, dye-sensitised solar cell (DSSC) also 
known as the Grätzel cell, and perovskites have also attracted research attention. Although these 
technologies are beyond the scope of this thesis, brief mention will be made on them. 
Organic solar cells are based on polymers or small molecules that can generate charge when 
exposed to photons with energy higher than the band gap, which is defined as the difference 
between the LUMO (lowest unoccupied molecular orbital) and HOMO (highest occupied molecular 
orbital). Effective separation of the excited states into charges requires a hetero-organic interface 
with appropriate energy level offsets. Organic solar cells offer the potential of low-cost 
manufacturing through processes such as roll-to-roll printing.29 In addition, by modifying the 
polymer chains or molecules, the band gap can be altered, thus enabling the solar cell to absorb 
different parts of the spectrum.30, 31 Furthermore, deposition of polymers or small molecules on 
flexible substrates allows fabrication of flexible solar cells.32 However, organic solar cells face the 
challenge of low stability and low efficiencies as compared to inorganic thin film solar cells.33 Despite 
these challenges, the current record of 12% by Heliatek using vacuum deposition shows promise for 
the organic solar cell.34  
Dye-sensitised solar cells are based on a photoelectrochemical system, in which an electrolyte is 
sandwiched between two electrodes of which one is photo-sensitised with a dye. The DSSC allows 
lower fabrication cost as compared to inorganic solar cells through roll-printing techniques.35 In 
addition, devices are flexible and semi-transparent,36 which positions it as an attractive solar cell for 
building integrated photovoltaics (BIPV). However, DSSCs suffer from disadvantages such as 
degradation of the dye when it is exposed to ambient air, elevated temperatures, and ultraviolet 
rays.37 This reduces the efficiency of the device with extended exposure time. The other 
disadvantage is the cost of expensive materials such as ruthenium dyes, platinum catalysts, and 
transparent conducting electrodes. Despite these challenges, confidence in this technology has been 
expressed through commercialisation of DSSCs by companies such as Dyesol, Solaronix, and Sony 
Corporation. The current DSSC record is at 15.4% based on the perovskite dye.38 
Perovskite solar cells have recently attracted much research attention as a potentially 
cost-effective solar cell with a current record efficiency of 15.4%, which rivals that of silicon solar 
cells.38 It is based on the ABX3 structure with A = methylammonium, B = lead, and X = iodide. These 
materials are generally lower in cost than expensive dyes such as ruthenium. However, one main 
disadvantage is the use of toxic Pb, which like Cd, is a restricted element in the European Union 
Directive 2002/95/EC Restriction of Hazardous Substances (RoHS). The use of Pb in this technology 
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would be difficult in convincing investors to bring it to commercialisation. That concern may soon 
come to an end as recently, reports of a Pb-free perovskite solar cell were made where Pb is 
replaced by Sn.39, 40 The other disadvantage is that the synthesis of the perovskite must be handled 
in an inert atmosphere due to unwanted oxidation in air. In terms of lifetime, it is still not as robust 
as inorganic solar cells but reports of over 500 hours of use at 45 oC with more than 80% of the 
original efficiency is encouraging, especially for a new technology.41 
1.6. Electrodeposition and Electrophoretic Deposition of CZTS 
With the CZTS thin film solar cell, several deposition methods are available. They can generally be 
categorised into vacuum and solution methods. Vacuum methods would include evaporation42, 43 
and sputtering,44, 45 while solution methods would include ink-based synthesis using hydrazine,46, 47 
electrodeposition,48, 49 electrophoretic deposition,50, 51 and precursor inks.52, 53 Among these 
techniques, electrodeposition positions itself as a green processing method without vacuum 
requirements. In addition, electrodeposition has been used in industry for deposition of precious 
metals54 and semiconductors55 with high throughput and high materials utilisation. Furthermore, the 
process allows for accurate and efficient templated deposition.56 In industry, SoloPower® has 
demonstrated large-scale electrodeposition of 1 m2 CIGS with 10% efficiency.57, 58  
1.7. Scope of This Thesis 
The scope of this thesis will be focused on the CZTS solar cell in view of its direct band gap nature, 
and use of earth-abundant and non-toxic materials. Hence in terms of suitability, toxicity, and 
availability, the CZTS material is much preferred over other inorganic solar cell technologies as 
discussed earlier in this chapter.  
There are two general routes for electrodeposition of Cu-Zn-Sn-S films: multi-bath and one-bath. 
In the multi-bath route, metals (Cu, Sn, and Zn) are deposited successively in a certain order in 
separate baths. This route allows optimisation of each bath for deposition of one metal. However, 
this route presents several deposition steps leading to long production times. Furthermore, the 
transfer of metal films from one bath to the next would expose the film to ambient air forming 
oxides. In addition, the quality of subsequent films is heavily dependent on the quality of the 
underlying metal film. In the one-bath route, the above-mentioned challenges are eliminated as the 
metal is deposited at the same time in one bath. The reduction in steps from several baths to one 
greatly reduces the overall deposition time. However, the wide deposition potential difference 
between Cu and Zn results in a high overpotential for Cu deposition in a one-bath approach. This 
high overpotential would lead to dendritic morphologies with weak adhesion to the underlying 
substrate.59 By reducing the deposition potential difference between Cu and Zn, the overpotential is 
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reduced with better adhesion between film and substrate. This study will be covered in Chapter 4 of 
this thesis. With the deposition potential narrowed, morphology and film composition deposited 
from various potentials are presented and discussed in Chapter 5.  
With electrophoretic deposition, particles are deposited due to their surface charge when placed 
in an electric field. One main advantage of electrophoretic deposition over electrodeposition is the 
high deposition rates by two to three orders of magnitude.60 This approach will be explored in 
Chapter 6 of this thesis to incorporate S particles into the Cu-Zn-Sn film via a hybrid co-deposition 
process which involves electrodeposition of metal ions and electrophoretic deposition of sulfur 
particles. 
Through this study, the Cu-Zn deposition potential difference was found to be effectively 
narrowed by thiosulfate and thiourea in acidic conditions (Chapter 4). In the one-bath deposition of 
Cu-Zn-Sn films, thiourea was found to be much more stable than thiosulfate. Furthermore, films 
deposited with thiourea were found to exhibit smaller pinholes and better surface coverage 
(Chapter 5). Finally, sulfur particles were successfully incorporated by co-deposition of metal ions 
and sulfur particles in a one-bath solution (Chapter 6). The results of these chapters will be beneficial 
towards an economical deposition process for earth-abundant and non-toxic solar cells. 
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2. Literature Review 
2.1. Introduction 
This chapter will cover literature on topics relevant to the study. The topics covered will include a 
current status of electrodeposition towards CZTS solar cells, which includes a list of efficiencies 
obtained from electrodeposition, and the experimental parameters associated with the efficiencies. 
Next, an overview of challenges faced for electrodeposition for CZTS solar cells will be presented and 
discussed. This is followed by a section on complexing agents to aid in the deposition of films, and 
the mechanisms involved for deposition with complexes. Finally two additional solution processing 
methods used in this study (electrophoretic deposition, and a hybrid co-deposition method) are 
discussed. 
2.2. Current Status of Electrodeposition for CZTS Solar Cells 
In the literature there exist two major pathways for electrodeposition (ED) of Cu-Zn-Sn followed 
by a post-annealing step: multi-bath61-63 and one-bath48, 64, 65 approaches. Both methods are followed 
by a subsequent annealing step in a sulfur/selenium environment to convert either the multilayers 
from the multi-bath approach or mixed layers from the one-bath approach to a single CZTS/CZTSe 
layer. Note that in the case of CZTSe fabrication, a selenium environment in the form of H2Se or 
gaseous Se is used. Common sulfur environments used are hydrogen sulfide gas or sulfur vapour. 
Hydrogen sulfide gas is toxic while sulfur vapour may form toxic sulfur dioxide when exposed to air. 
These constraints pose significant safety issues in large-scale fabrication of CZTS solar cells, which 
would require necessary strict and expensive adherence to regulatory policies. Hence, an alternative 
sulfur incorporation method would be both economically and logistically desirable. One such 
approach is presented in Chapter 6.  
In the multi-bath approach, metal precursors are electrodeposited consecutively from separate 
electrolyte baths (Figure 2.2.1). The advantage of this approach is the ability to optimise individual 
baths for smooth metal film depositions. However, this approach involves multiple steps, which 
would lead to longer production time. Furthermore, when not conducted in an inert environment, 
successive transfers of the deposited films to the next bath would expose the deposited film to 
ambient air, forming surface metal oxides.66 In addition, producing a final film that is smooth is 
challenging as the top film is sensitive to the surface roughness of the underlying film.  
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Figure 2.2.1 Schematic of a multi-bath deposition with the order of Cu, Zn, and Sn deposition being the first, second, and 
third deposition steps respectively. 
In the one-bath approach, the three metal precursors are present in the same bath, which 
reduces the number of deposition steps to one, and optimisation is only required for one bath 
(Figure 2.2.2). In the one-bath approach, the bath pH is normally held in the acidic region (below 
pH 4) to prevent precipitation of hydroxides and/or oxides.  
 
Figure 2.2.2 Schematic of a one-bath deposition with precursors of Cu, Zn, and Sn in one solution. Sulfur is included in 
brackets as some one-bath depositions include sulfur precursors such as thiosulfate. 
In literature, various device efficiencies obtained from electrodeposited CZTS(Se) have been 
reported (refer to Figure 2.2.3 with detailed photovoltaic parameters presented in Table 2.2.1). 
These efficiencies were obtained from four categories: 1) multi-bath CZTS, 2) one-bath CZTS, 
3) multi-bath CZTSe, and 4) one-bath CZTSe. In these categories, the sequential metal layers (from 
the multi-bath approach) or mixed metal layers (from the one-bath approach) undergo a further 
post sulfurisation (with either H2S or elemental S) or selenisation (with either H2Se or elemental Se) 
step to incorporate sulfur or selenium respectively to form CZTS or CZTSe.62, 67, 68  
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Figure 2.2.3 Efficiencies of CZTS and CZTSe against year by the multi-bath and one-bath approach. Date of publication 
used was taken as the date the article was published online. Accompanying numbers in graph are used to link to further 
details in Table 2.2.1. Black dash line represents linear fit of top efficiencies. 
From 2008 to 2010, early research on both multi-bath and one-bath approaches conducted at the 
University of Bath, Helmholtz-Zentrum Berlin, and Nagaoka National College of Technology yielded 
efficiencies from 0.8% to 3.4% with CZTS. This was followed by a gap period between early 2010 to 
late 2011 when vacuum-based methods for CZTS synthesis were used because of the ability to 
produce devices with higher efficiencies (6.8% for evaporation69 compared to 3.2% by 
electrodeposition67 in 2010). 
However, when IBM demonstrated in late 2011 that electrodeposition could produce devices 
with 7.3% efficiency, other research groups, such as University of Science and Technology of China, 
LG Components R&D Center, and Osaka University became interested. These research groups 
became new entrants into this field, which produced devices at around 1.5%. This stark difference 
between 7.3% and 1.5% could be due to technical experience in the processing method and longer 
period spent on optimisation of processes. Of interest to note is the progress demonstrated by 
Osaka University. They reported increasing efficiencies from 4.4% to 8.0% for CZTS devices within 
one year. 
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Table 2.2.1 Detailed photovoltaic parameters of solar cells mapped in previous in Figure 2.2.3. Institutions of first 
authors are used in this table. *Jsc and Voc for CZTS were not reported. 
No 
Jsc  
(mA/cm
2
) 
Voc  
(mV) 
FF  
(%) 
Efficiency  
(%) 
Procedure Material Ref Institute 
1 8.7 295 32 0.8 Multi-bath CZTS 
61
 University of Bath, UK 
2 14.8 563 41 3.4 One-bath CZTS 
48
 Helmholtz-Zentrum Berlin, Germany 
3 9.9 262 38 1.0 Multi-bath CZTS 
70
 Nagaoka National College of Technology, Japan 
4 12.6 540 46 3.2 One-bath CZTS 
71
 Nagaoka National College of Technology, Japan 
5 15.3 480 45 3.2 Multi-bath CZTS 
67
 University of Bath, UK 
6 22.0 567 58 7.3 Multi-bath CZTS 
62
 IBM, Thomas J. Watson Research Center, USA 
7 28.0 171 35 1.7 One-bath CZTSe 
72
 University of Science and Technology of China 
8 12.3 315 31 1.2 One-bath CZTS 
73
 LG Components R&D Center, Korea 
9 32.4 369 59 7.0 Multi-bath CZTSe 
68
 IBM, Thomas J. Watson Research Center, USA 
9 16.2 691 62 7.0 Multi-bath CZTS 
68
 IBM, Thomas J. Watson Research Center, USA 
10 * * 43 4.4 Multi-bath CZTS 
74
 Osaka University, Japan 
10 16.2 230 28 1.1 Multi-bath CZTSe 
74
 Osaka University, Japan 
11 30.0 398 49 5.8 One-bath CZTSe 
64
 IRDEP, France 
12 19.8 640 45 5.6 Multi-bath CZTS 
75
 Osaka University, Japan 
13 17.7 719 63 8.0 Multi-bath CZTS 
63
 Osaka University, Japan 
14 18.7 674 44 5.5 One-bath CZTS 
76
 East China Normal University 
15 35.3 390 58 8.0 One-bath CZTSe 
65
 Korea Institute of Science and Technology 
16 16.6 678 57 6.4 Multi-bath CZTS 
77
 Osaka University 
 
Devices based on CZTSe show higher Jsc due to a lower band gap of approximately 1.0 eV 
compared to 1.5 eV in CZTS. This lower band gap allows CZTSe devices to absorb more photons for 
charge generation than CZTS devices, although Voc is reduced as a result. Since efficiency is 
proportional to Jsc and Voc, any decrease in either parameter would result in a decrease in overall 
efficiency. 
In summary, efficiencies have been increasing from 2008 with new entrants reporting low 
efficiencies, possibly due to optimisation of fabrication processes. The current record efficiency from 
electrodeposition stands at 8.0% reported by Jiang et al. and Jeon et al. who utilised a multi-step 
electrodeposition for CZTS and one-step electrodeposition for CZTSe respectively.63, 65 These values 
are lower when compared to the current best efficiency reported by IBM, which stands at 12.6% 
using a hydrazine-based nanoparticle ink synthesis method for a CZTSSe device.23 This difference 
between 8% and 12.6% could be attributed to the extended experience the IBM group has with 
hydrazine-based nanoparticle ink synthesis as evidenced in their previous work in metal sulfides,78 
selenides,79 and CIGS.80  
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Figure 2.2.4 Electron images of (a) top view and (b) cross-sectional view of the CZTSSe film on molybdenum. Figures are 
adapted from publication.
23
  
Figure 2.2.4 shows top and cross-sectional electron images of morphology for a sister film to the 
12.6% device. The top-view shows a dense film with micrometre-sized grains, while the 
cross-sectional view shows a CZTSSe layer that is approximately 2 μm thick with voids between the 
CZTSSe and Mo layer. Note that although the film was labelled as “CZTS” in the figure, the authors 
referred to it as CZTSSe. 
Table 2.2.2 presents detailed solution compositions, electrodes used and pH for solar cells 
mapped in Figure 2.2.3. The first multi-bath approach used metal chlorides for deposition possibly 
due to their higher solubility than sulfates.81 However, from the second entry onwards, sulfates were 
used. This could be due to the understanding that chlorides have preferential adsorption on Cu that 
leads to non-uniform growth.82 This could have complicated an already complex multi-variable 
electrodeposition system. Nevertheless, the low solubility of SnSO4 leads to inaccurate 
concentration representation in the solution. This probably explains the use of SnCl2 even though Cu 
and Zn sulfates were used (refer to entry number 4). However, small amounts of chloride as low as 
1 mM is shown to introduce faceting,82 which would cause a system with SnCl2 and Cu and Zn 
sulfates to experience the same faceting phenomena caused by an all-chloride bath. There are 
instances where tin methanesulfonate (Sn(SO3CH3)2) was used instead of the sulfate (entries number 
5, 12, 13, and 16). This is attributed to the increased solubility of the methanesulfonate than the 
sulfate, and stability over a broad pH range (pH 2 to 9), which explains its wide use in tin plating.83 
However, the use of the methanesulfonate has not been demonstrated in a one-bath system, which 
may introduce undesirable interactions with Cu and Zn depositions. Proprietary deposition solutions 
for Sn have also been used (entries number 6 and 9). The choice of pH varies from 2.0 to 5.9, which 
lies in the acidic region possibly to prevent precipitation of metal oxides and/or hydroxides. 
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Table 2.2.3 presents annealing parameters used for efficiencies mapped in Figure 2.2.3. In the 
first 5 entries, no pre-anneal step was used. The use of the pre-anneal step for device efficiencies 
was first reported by Ahmed et al. from IBM.62 The motivation was to react individual metals to form 
alloys of Cu-Sn (bronze) and Cu-Zn (brass) during the pre-anneal step before the second anneal step 
at higher temperatures for reaction between the alloys. Since then, the pre-anneal step for binary 
alloy formation has been employed by several other groups. Note that all of the entries in the table 
involve a sulfurisation with H2S or elemental S or selenisation with Se vapour. So far, no device 
efficiency has been reported without a sulfurisation or selenisation step. Although S and Se sources 
were used in the deposition bath (Entry 8, 10, and 14), a subsequent sulfurisation or selenisation 
step was still employed. This presents an opportunity for in-situ S incorporation via a hybrid process 
of electrodeposition of metal ions and electrophoretic deposition of S particles, which will be 
discussed subsequently in Chapter 6. 
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Table 2.2.2 Detailed solution composition, electrodes used, and pH for solar cells mapped in Figure 2.2.3. Note that “-” in a cell indicates that the parameter was not mentioned in the 
paper, which includes referencing to other procedures. Note that most of the pH values for multi-bath approaches are listed as “Vary” due to the different solutions used. Note that SCE 
refers to the saturated calomel electrode (+241 mV vs standard hydrogen electrode (SHE)). 
No Procedure Material Ref Cu precursor Zn precursor Sn precursor 
S/Se 
precursor 
Complexing agent WE CE RE pH 
1 Multi-bath CZTS 
61
 50 mM CuCl2 0.15 M ZnCl2 55 mM SnCl2 - - Mo Pt Ag/AgCl Vary 
2 One-bath CZTS 
48
 Approx. 3 mM Cu
2+
 Approx. 3 mM Zn
2+
 Approx. 30 mM Sn
4+
 - - Mo - Ag/AgCl Alkaline 
3 Multi-bath CZTS 
70
 0.594 M CuSO4 0.515 M ZnSO4 0.0931 M SnSO4 - - Mo - - Vary 
4 One-bath CZTS 
71
 20 mM CuSO4 0.2 M ZnSO4 10 mM SnCl2 - 0.5 M Na3Cit Mo Pt Ag/AgCl - 
5 Multi-bath CZTS 
67
 0.1 M CuSO4 0.1 M ZnSO4  50 mM Sn(SO3CH3)2 - - Mo Pt Ag/AgCl Vary 
6 Multi-bath CZTS 
62
 157.3 g/L CuSO4 0.2 M ZnSO4  Technistan 89 RTU - - Mo - - 2 
7 One-bath CZTSe 
72
 CuSO4 ZnSO4 SnSO4 - Na3Cit Mo Pt SCE - 
8 One-bath CZTS 
73
 0.02 M CuSO4 0.01 M ZnSO4 0.02 M SnSO4 
0.02 M 
Na2S2O3 
0.2 Na3Cit and 0.1 
M tartaric acid 
Mo Pt SCE 4.5-5.0  
9 Multi-bath CZTSe 
68
 157 g/L CuSO4 0.2 M ZnSO4 Microfab 300 Mu - - Mo - - 2.0-2.3 
9 Multi-bath CZTS 
68
 157 g/L CuSO4 0.2 M ZnSO4 Microfab 300 Mu - - Mo - - 2.0-2.3 
10 Multi-bath CZTS 
74
 Alkaline Cu(II)  Acidic Zn (II)  Acidic Sn (II)  - - Mo Pt Ag/AgCl Vary 
10 Multi-bath CZTSe 
74
 Cu (II) Zn (II) Sn (IV) Se (IV) - Mo Pt Ag/AgCl 2.5 
11 One-bath CZTSe 
64
 5 mM CuSO4 5 mM ZnSO4 5 mM SnSO4 - 50 mM Na3Cit Mo Pt MSE 4.75 
12 Multi-bath CZTS 
75
 0.05 M CuSO4 0.1 M ZnSO4 0.05 M Sn(SO3CH3)2 - - Mo Pt Ag/AgCl Vary 
13 Multi-bath CZTS 
63
 0.05 M CuSO4 0.1 M ZnSO4 0.05 M Sn(SO3CH3)2 - - Mo - Ag/AgCl Vary 
14 One-bath CZTS 
76
 10 mM CuSO4 15 mM ZnSO4 10 mM SnSO4 
5 mM 
Na2S2O3 
0.1 M Na3Cit Mo Pt Ag/AgCl 5.9 
15 One-bath CZTSe 
65
 20 mM CuSO4 32 mM ZnSO4 14 mM SnCl2 - 0.5 M Na3Cit Mo Pt Ag/AgCl - 
16 Multi-bath CZTS 
77
 50 mM CuSO4 0.1 M ZnSO4 0.05 M Sn(SO3CH3)2 - - Mo Pt Ag/AgCl Vary 
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Table 2.2.3 Detailed annealing parameters used for solar cells mapped in Figure 2.2.3. Note that “-” in a cell indicates that the parameter was not mentioned in the paper, which includes 
referencing to other procedures 
No Procedure Material Ref Pre-anneal temperature (
o
C) Pre-anneal duration (min) Annealing Environment Annealing time (min) Annealing Temperature (
o
C) 
1 Multi-bath CZTS 
61
 - - Sulfur with Ar 120 550 
2 One-bath CZTS 
48
 - - 5 vol% H2S with Ar 120 550 
3 Multi-bath CZTS 
70
 - - Sulfur with N2 120 300-600 
4 One-bath CZTS 
71
 - - Sulfur with N2 120 580-600 
5 Multi-bath CZTS 
67
 - - Sulfur with 10% H2 in N2 120 575 
6 Multi-bath CZTS 
62
 210-350 - Sulfur in N2 12 585 
7 One-bath CZTSe 
72
 250 - Se - 300-500 
8 One-bath CZTS 
73
 - - 5% H2S in N2 60 550 
9 Multi-bath CZTSe 
68
 360 30 Se with N2 5-20 535-585 
9 Multi-bath CZTS 
68
 360 30 S with N2 12 585 
10 Multi-bath CZTS 
74
 - - S 7 590 
10 Multi-bath CZTSe 
74
 - - Se vapour with Ar 10 525 or 575 
11 One-bath CZTSe 
64
 - - Se atmosphere 15 530 
12 Multi-bath CZTS 
75
 350 20 or 40 S 10 580 
13 Multi-bath CZTS 
63
 310 40 or 80 or 150 S 10 590 
14 One-bath CZTS 
76
 - - S 15 590 
15 One-bath CZTSe 
65
 300 5 Se with Ar 15 400-600 
16 Multi-bath CZTS 
77
 310 150 S 10 590 
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2.3. Challenges for Electrodeposition for CZTS Solar Cells 
Amidst these exciting developments, electrodeposition of CZTS faces several challenges. 
Thiosulfate may at times be added in the one-bath approach as a sulfur precursor.73 However, 
thiosulfate is unstable in acidic regions, which is a challenge as thiosulfate decomposes to form 
sulfur:84 
 S2O3
2-  +  H+  →  HSO3
-  +  S Equation 2.3.1 
The above reaction would cause the sulfur precursor to degrade to insoluble sulfur before 
electrodeposition occurs, thus removing soluble sulfur precursors from the bath. 
The second challenge in electrodeposition of CZTS lies in the wide potential window between Zn 
and Cu deposition. Table 2.3.1 presents the deposition potential of the metals at standard 
conditions with reference to the silver chloride electrode (Ag/AgCl). 
Table 2.3.1 List of Cu
2+
, Sn
2+
, and Zn
2+
 reduction potentials against the Ag/AgCl reference electrode (+197 mV vs standard 
hydrogen electrode (SHE)).
85
 
Reduction E (vs Ag/AgCl) 
Cu2+  +  2e-  →  Cu +0.14 
Sn2+  +  2e-  →  Sn -0.34 
Zn2+  +  2e-  →  Zn -0.96 
 
The wide potential window between Zn and Cu would result in high deposition overpotential for 
Cu, resulting in a diffusion-limited growth for Cu. This leads to dendritic morphologies with weak 
adhesion to the substrate.59 The electrolyte used contained 0.15 M CuSO4 in 0.50 M H2SO4 at room 
temperature with copper as the reference, working, and counter electrodes. Both deposition 
overpotential and total charge were varied, and the results presented in Figure 2.3.1 indicates 
extended dendritic growth at higher overpotentials. Note that these dendrites were obtained 
without the presence of chlorides, which has been shown to encourage dendritic growth.82 Hence it 
shows the effect of overpotential alone on dendritic growth. 
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Figure 2.3.1 Dendritic morphology reported by Nikolić et al. deposited with (a) overpotential of 550 mV for total charge 
of 20 mAh
.
cm
-2
, (b) overpotential of 700 mV for total charge of 20 mAh
.
cm
-2
, and (c) overpotential of 700 mV for total 
charge of 10 mAh
.
cm
-2
. Figures are adapted from publication.
59
  
To avoid this, Pawar et al. reported the use of citrate as a complexing agent to reduce the 
potential window between the metals, thus leading to a lower overpotential for Cu deposition, 
leading to crack-free films.86 Gougaud et al. conducted an in-depth study of the effect of citrate and 
tartrate on the deposition potential of Cu, Sn, and Zn.64 The study reported that deposition 
potentials of Cu and Zn were shifted to more negative potentials with the addition of citrate. 
However, with Sn they commented that it was not possible for a definitive conclusion to be drawn 
on the complexing effect of citrate as their experiments were conducted at a pH of 4.75, where Sn2+ 
precipitates as SnO above pH 2.64 Previous work by Tantavichet et al. showing the effect of chloride 
and thiourea for Cu-plating suggested that there may be a complexing effect by thiourea; but this 
was not extensively studied or commented on.87 In addition, the pH, an important parameter in 
electrochemistry, was not mentioned in their study. In another study by Mkawi et al., they reported 
the effect of ethylenediaminetetraacetic acid (EDTA), tartaric acid, and trisodium citrate on 
electrodeposition of Cu-Zn-Sn films.88 However, the experiments were conducted at a pH of 4.75, 
where Sn2+ is unstable. Furthermore, a study on the effect of additives on individual metal ions was 
not presented in their study. These results and findings from literature offer the potential to reduce 
the deposition potential window between Cu and Zn through careful selection of complexing agents, 
which will be discussed in Chapter 4. 
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2.4. Complexing Agents for Electrodeposition 
A complexing agent is an ion or a molecule that binds to the central metal atom by coordinate 
bonding to form metal complexes via ligands, which are ions or functional groups of a molecule that 
bind to the central atom. When metal ions are placed in water, water molecules attach to the metal 
to form the metal aquo complex [M(H2O)]. 
 Mx+  +  nH2O  →  [M(H2O)n]
x+ Equation 2.4.1 
When a molecular complexing agent is added to the solution, a ligand exchange takes place and 
the water ligand is replaced with the functional group of the molecular complexing agent. 
 [M(H2O)n]
x+  +  nLmolecular  →  [M(Lmolecular)n]
x+  +  nH2O Equation 2.4.2 
In the case of ionic complexing agents, the charge of the complex is determined by the net 
charge of the metal ion and ligand. 
 [M(H2O)n]
x+  +  nLionic
y-  →  [M(Lmolecular)n]
x-ny  +  nH2O Equation 2.4.3 
Through the addition of a complexing agent, the amount of free metal aquo complex (and thus 
the activity) for deposition is reduced, thereby resulting in a more negative shift in deposition 
potential according to the Nernst equation.89 The Nernst equation takes the following form: 
 𝐸𝑟𝑒𝑑 = 𝐸𝑟𝑒𝑑
𝑜 −
𝑅 ∙ 𝑇
𝑧 ∙ 𝐹
ln⁡(
𝑎𝑂𝑥
𝑎𝑅𝑒𝑑
) Equation 2.4.4 
Where Ered is the reduction potential, Ered
o is the standard reduction potential, R is the gas 
constant (8.314 JK-1mol-1), T is the temperature, z is the number of electrons in the reaction, F is the 
Faraday constant (96485 Cmol-1), aOx is the activity of the oxidant, and aRed is the activity of the 
reductant. At low total ionic concentrations (<1 mM), the activity can be approximated by 
the concentration. 
Hence, complexing agents have been used to shift the deposition potential of metal ions in 
solution.64, 86, 90  
Note that in the case of solutions with high concentrations of ions (> 0.1 M), the Nernst equation 
is less accurate as the agreement between concentration and activity (of which activity is used in the 
Nernst equation, while concentration is still a good approximation at low concentrations) deviates. 
This deviation arises due to increased interactions between ions of opposite charge at high ionic 
concentrations, resulting in a decrease in free ion activity. 
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2.5. Mechanism for Deposition of Metal Complexes 
It has been suggested in literature that the metal complex deposits by adsorption on the 
substrate followed by a reduction of the central metal atom via the ligands. Using a classic example, 
in the reduction of Au from cyanide complexes, it was suggested that the cyanide group acts as the 
electron donor,91 with the following deposition mechanism:92 
 [Au(CN)2]
-  →  [Au(CN)]ad  +  CN
- Equation 2.5.1 
 [Au(CN)]ad  +  e
-  →  [Au0(CN)]ad
- Equation 2.5.2 
 [Au0(CN)]ad
-  →  Aulattice  +  CN
- Equation 2.5.3 
The [Au(CN)2]
- complex adsorbs on the substrate with the release of a cyanide group followed by 
reduction of  Au in the [Au(CN)]ad complex by the cyanide group. This results in reduced Au 
incorporated into the lattice and release of the cyanide group. 
The deposition of metals from complexes has also been suggested to take place by distortion of 
the ligands around the metal ion as the complex approach the substrate.93 This implies that the 
presence of ligands screens the metal ion, thus raising the energy required for deposition to occur. A 
schematic is presented in Figure 2.5.1. 
 
Figure 2.5.1 Schematic of metal complex deposition by distortion of ligand. In the bulk solution, (a) the metal complex 
exists without distortion of the ligands around it in the bulk solution. The metal complex moves to the substrate in the 
diffusion layer by the applied electrical field, as well as by convection and diffusion. This is followed by (b) the ligands 
aligning along the field. At the Helmholtz layer, where the field strength is high (on the order of 10
7
 V/cm), the ligand 
separates from the metal ion. This is followed by (d) a reduction of the metal ion to the metal through the 
atom-adsorption mechanism. 
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When the metal ion is present in the bulk solution with a complexing ligand, the metal complex is 
formed (Figure 2.5.1a). Under the influence of the applied electrical field, the metal complex moves 
through the diffuse layer towards the substrate with the ligand aligned along the applied field 
(Figure 2.5.1b). When the metal complex reaches the Helmholtz layer, the ligands separate under 
the high local electric field (in the order of 107 V/cm), leaving the metal ion adsorbed on the 
substrate (Figure 2.5.1c). This is followed by reduction of the metal ion with electrons from the 
substrate (Figure 2.5.1d). 
2.6. Complexing Agents for Cu, Zn, and Sn Deposition 
As highlighted in Table 2.3.1, the potential window between the most positive metal (Cu) and 
most negative metal (Zn) is quite large at 1.10 V. With careful selection of complexing agents, the 
window can be reduced by shifting the deposition potential of Cu to more negative potentials. In 
addition, the higher stability constants of Cu complexes as compared to Zn complexes would be 
beneficial in the narrowing of the Cu-Zn deposition potential window.94 
There are several complexing agents that can be utilised for this purpose and citric acid, 
thiosulfate, and thiourea have been selected for the scope of this study. These three were chosen as 
they are soluble in water, they are generally non-toxic, and they have been demonstrated in 
literature to show complexing properties on Cu. 
Citric acid is a weak acid which dissociates weakly in water to produce H+ and citrate. As a 
complexing agent that is non-toxic and found in citrus fruits, the use of citric acid is promising for 
industrial use. Citrate was used as a complexing agent by Chraibi et al. in the deposition of 
CuInSe2 films.
95 They reported a cathodic shift in the deposition potential of Cu2+ of about 0.21 V 
from -0.16 V to -0.37 V (vs Ag/AgCl) in pH 2.6. The use of citrate ions have also been demonstrated 
for CIGS depositions. Lai et al. have used citrate as a complexing agent for deposition of Cu2+, In3+, 
and Ga3+ at pH 2.96 In their study, they found that Cu2+ had a cathodic shift of -0.10 V from -0.03 V to 
-0.13 V (vs saturated calomel electrode, +241 mV vs standard hydrogen electrode (SHE)). In the case 
of In3+ no significant shifts were observed for In3+, which had a deposition peak close to hydrogen 
evolution. For Ga3+, no peak was observed, which could be due to masking by hydrogen evolution at 
low pH.  
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Figure 2.6.1 Structure of citric acid with H in red for contrast and easy identification. 
The structure of citric acid is presented in Figure 2.6.1, highlighting four possible H for 
dissociation in water. It is a weak acid with three pKa constants:
97 
 H3Cit  ↔  H
+  +  [H2Cit]
1-  (pKa1 = 3.128) Equation 2.6.1 
 [H2Cit]
1-  ↔  H+  +  [H1Cit]
2-  (pKa2 = 4.761) Equation 2.6.2 
 [H1Cit]
2-  ↔  H+  +  Cit3-  (pKa3 = 6.396) Equation 2.6.3 
Younes and Gileadi proposed that there exists a fourth pKa constant of 10.82 due to the 
dissociation of H from the OH group.98 From the speciation curve they reported (Figure 2.6.2), as pH 
increase, the overall charge of the citrate ion becomes more negative. The implication for Cu2+ 
depositions is that metal complexes with Cit3- and H-1Cit
4- will have an overall negative charge, and 
may cause electrostatic repulsion between negatively-charged complex and the cathode. 
Nevertheless, their deposition is still possible with diffusion and convection of the negatively 
charged complex to the electrode, and a complex-assisted electron flow from the cathode to the 
metal by adsorption of the complex on the cathode.99 The stability constant of the Cu-citrate 
complex increases from 4.92 to 14.43 as the pH increases.100 Also, there is a critical pH value of 2, at 
which a lower pH would inactivate the complexing agent as the ligands of citric acid are quenched by 
native H. 
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Figure 2.6.2 Suggested speciation of citric acid as a function of pH as proposed by Younes and Gileadi.
98
 
Thiosulfate is commonly used in one-bath electrodeposition of CZTS as a sulfur source.101-103 
However, thiosulfate has another function, which has not been reported in literature for one-bath 
CZTS electrodeposition – thiosulfate could act as a complexing agent as well. Etschmann et al. 
reported that the Cu-thiosulfate complex could exists as [Cu(S2O3)]
-, [Cu(S2O3)2]
3-, and [Cu(S2O3)3]
5-.104  
 
Figure 2.6.3 Chemical structure of thiourea and thiosulfate with S moiety highlighted in red. 
Like thiosulfate, thiourea has a sulfur moiety (Figure 2.6.3), which exhibits complexing effects 
on Cu. Farndon et al. reported the following reactions between thiourea and Cu2+:105 
 2Cu2+  +  2(NH2)2CS  ↔  2Cu
+  +  [-SC(=NH)NH2]2  +  2H
+ Equation 2.6.4 
 Cu+  +  x(NH2)2CS  ↔  [Cu[(NH2)2CS]x]
+  (x = 1 to 4) 106 Equation 2.6.5 
Thiourea reduces Cu2+ to Cu+ and is itself oxidised to form formamidine disulphide, which has the 
formula of ([-SC(=NH)NH2]2). The Cu
+ is then complexed by thiourea. Gherrou et al. reported that the 
stability constant of the Cu-thiourea complex increases from 11.00 to 15.40 as the number of 
thiourea ligands in the complex increases.107 
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Thiourea has also been used as a sulfur source as demonstrated by Ghahremaninezhad et al. with 
thiourea as a sulfur source in electrodeposition of CuS nanowires.108 Henríquez et al. proposed that 
sulfide is obtained from reduced thiourea in the following reaction at -1.19 V (vs Ag/AgCl):109  
 (NH2)2CS  +  2e
-  →  S2-  +  CN-  +  NH4+ Equation 2.6.6 
2.7. Electrophoretic Deposition  
The topic of electrophoretic deposition has been covered by several reviews.110-114 While 
electrodeposition deposits soluble ions from the electrolyte bath by reduction on the substrate, 
electrophoretic deposition (EPD) deposits particles with a surface charge on the substrate in an 
electric field. 
 
Figure 2.7.1 Schematic of electrophoretic deposition process with a diffuse double layer surrounding the particle. 
Figure 2.7.1 presents a schematic of the electrophoretic deposition process. When particles with 
a surface charge are placed in a solution, counter ions with a charge opposite to the particle surface 
charge form a layer around the particle known as the Stern layer, and the rest of the ions (both 
positive and negative) are distributed more broadly in the diffuse double layer. Note that in the 
diffuse double layer, the concentration of counter ions decrease with distance away from 
the particle. When a potential is applied between the electrodes, the cathode (negatively charged) 
will attract the positively charged particle. This process is known as cathodic electrophoretic 
deposition. If the particle is negatively charged, the particle will move to the anode, resulting in 
anodic electrophoretic deposition. 
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Figure 2.7.2 Potential-pH diagram for water at room temperature. 
There are several differences between electrodeposition and electrophoretic deposition. In terms 
of solution conductivity, electrodeposition requires a high conductivity to reduce ohmic losses in the 
solution. However, in electrophoretic deposition, the conductivity of the solution is kept low as a 
large conductivity will reduce particle mobility due to the presence of other mobile ionic species. In 
electrodeposition, water is generally used as a solvent as it is able to dissolve common metal salts. 
However, to accommodate the presence of a large potential difference between the electrodes in 
electrophoretic deposition, organic solvents are used as water undergoes reduction to hydrogen or 
oxidation to oxygen (refer to red and black lines in Figure 2.7.2) under cathodic or anodic 
electrophoretic deposition respectively. The water reduction (cathode) and oxidation (anode) 
reactions are given below, along with a table summarising the differences between 
electrodeposition and electrophoretic deposition (Table 2.7.1). 
 2H+  +  2e-  →  H2  (𝐸𝑅𝑒𝑑
𝑜 = 0.00⁡𝑉) Equation 2.7.1 
 2H2O  →  4e
-  +  4H+  +  O2  (𝐸𝑂𝑥𝑖
𝑜 = 1.23⁡𝑉) Equation 2.7.2 
Table 2.7.1 Comparison of bath properties between electrodeposition and electrophoretic deposition. 
 Electrodeposition Electrophoretic Deposition 
Deposited species Ions Particles 
Solution conductivity High Low 
Preferred solvent Water Organic 
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The deposition kinetics for electrophoretic deposition can be described by the Hamaker 
equation:115 
 𝑤 = 𝜇 ∙ 𝑐 ∙ 𝐸 ∙ 𝑆 ∙ 𝑡 Equation 2.7.3 
Where w is the deposited weight (or yield), μ is the electrophoretic mobility of the particle, c is 
the concentration or loading of particles, E is the applied electric field, S is the surface area, and t is 
the deposition time.  
The electrophoretic mobility of the particle is dependent on the zeta-potential of the particle by 
the Henry equation:112 
 𝜇 =
2
3
𝜀𝑜𝜀𝑟𝜁
𝜂
𝑓(𝜅𝑟) Equation 2.7.4 
Where μ is the electrophoretic mobility of the particle, εo is the vacuum permittivity of the 
medium, εr is the relative permittivity of the medium, ζ is the zeta-potential of the particle, η is the 
viscosity of the medium, and f(κr) is the Henry coefficient, which is dependent on the double layer 
thickness (1/κ) and the particle core radius (r).  
As deposition time increases, the concentration of the particles will reduce, and the electric field 
at the surface will reduce due to film resistance from the deposited film. Hence in the paper by 
Hamaker, it was acknowledged that the equation holds for short deposition times (< 2 minutes). In 
view of this, Sarkar and Nicholson proposed another model to account for longer deposition times 
(> 30 minutes):111 
 𝑤 = 𝑓 ∙ 𝜇 ∙ 𝑐 ∙ 𝐸 ∙ 𝑆 ∙ 𝑡 Equation 2.7.5 
Where f is the efficiency factor (f ≤ 1).  
In this model, the amount of material deposited is dependent on electrophoretic mobility, 
concentration of the particle in the solution, electric field, surface area of the electrode and time. 
Electrophoretic deposition has been used for deposition of composite materials with enhanced 
corrosion resistance, wear resistance, and lubrication. Particles such as silicon carbide, aluminium 
dioxide, silicon nitride, titanium dioxide, and polystyrene have been deposited with this method.116 
However, literature of electrophoretic deposition for CZTS systems is scarce. One study by 
Kornhuber et al. deposited CZTS nanoparticles by electrophoretic deposition reported films that 
were smooth and densely packed.50 They found that particles from the suspension were deposited 
within 30 to 90 s depending on the deposition voltage, which they studied from 10 V to 250 V in 
toluene or acetonitrile. In another study by Guan et al. they reported electrophoretic deposition of 
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CZTS nanoparticles on molybdenum with acetone as the solvent at 30 V for 40 s.117 However, the 
presence of capping agents could affect device efficiencies.  
 
Figure 2.7.3 Zeta potential of sulfur and galena as a function of pH.
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An important parameter for electrophoretic deposition is the zeta potential of the particle, which 
is the difference in potential between the bulk fluid (or dispersion medium) and the slipping plane 
(or interfacial double layer). 
In this project, the zeta potential of sulfur is an important parameter for consideration. In a 
report by Chibowski and Waksmundzki, they determined the zeta potential of sulfur to 
be -25.6 ± 0.5 mV in water.119 This negative zeta-potential is a challenge as it would result in 
repulsion from the cathode for cathodic depositions. A cathodic deposition is necessary due to the 
positive charge on the metal ions.  
Another important parameter is the isoelectric point (IEP), which is the pH at which the zeta 
potential of a particle is close to zero. Kelebek and Smith reported an IEP of 2.2 from sulfur liberated 
from galena (PbS).118 In another report by Wakamatsu and Numata, they reported a similar IEP 
of 2.0.120 A low IEP would indicate that for sulfur to have a positive charge, the solution pH would 
have to be very low (< pH 2). However, this would encourage the formation of H2 bubbles (Figure 
2.7.2) and subsequent pinhole formation, as hydrogen evolution occurs at a less negative potential 
at acidic pH.  
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Two possible strategies have been employed in literature to mitigate bubble formation. The first 
strategy is to employ solvents with a wider potential window, which would delay the onset of 
bubble formation. Cordero-Arias et al. reported TiO2 electrophoretic deposition with an ethanol-
water mixture to avoid bubble formation.121 They found an optimal ratio of ethanol-water to be 
80:20, and were able to apply potentials as high as 25 V. This technique has also been used in 
electrodeposition to reduce bubble formation in deposition potentials that are close to the reduction 
of water.  
The second strategy is to reduce the surface tension of the solvent, which will discourage 
bubble formation. Musselman et al. demonstrated with ZnO electrodeposition that a 25:75 ethanol-
water ratio reduces the surface tension of the solution, thereby eliminating bubble formation 
during deposition.122 The low ethanol content in electrodeposition is attributed to the high 
conductivity requirement as mentioned in Table 2.7.1.  
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2.8. Hybrid Electrochemical Co-Deposition 
A combination of electrodeposition and electrophoretic deposition can be used to deposit metal 
ions and particles in one bath. This method is known as electrochemical co-deposition. Peiro et al. 
investigated electrochemical co-deposition of a water-soluble Ti-peroxo complex and TiO2 particles 
on Al with a potential range of 2.0 V to 4.5 V at room temperature.123 They found cracks in the film 
with more cracks at longer deposition times. The cracks are attributed to the drying process that 
induces film stress. With longer deposition times, the films become thicker and the film stress 
becomes more significant thus leading to severe cracks at longer deposition times. 
Several mechanisms for electrochemical co-deposition have been suggested in literature. 
Guglielmi suggested in 1972 that the process involves a loose adsorption stage followed by a strong 
adsorption stage124 as illustrated in Figure 2.8.1: 
1. In the loose adsorption stage, a layer of ions and solvent molecules cover the particles, 
thereby screening any interactions between particle and electrode. 
2. In the strong adsorption stage, the particles are strongly adsorbed onto the electrode. 
This electrochemical reaction results in the embedding of particles in a metal matrix as 
deposition proceeds, where the metal matrix is deposited by electrodeposition. The close 
distance between particle and electrode disrupts the layer of ions and solvent molecules 
around the particle mentioned in the previous stage, leading to a lower screening effect 
and stronger particle adsorption on the electrode. 
 
Figure 2.8.1 Schematic of the two-stage process proposed mechanism Guglielmi. 
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Celis et al. extended the model by Guglielmi with two assumptions. They assumed that when 
particles are added into solution, an ionic cloud covers the particles. The second assumption is that 
for particle incorporation to occur, the ionic cloud has to be reduced. With these two assumptions, 
they proposed a five-stage process125 as illustrated in Figure 2.8.2: 
1. Ions from the solution are adsorbed on to the particle, which changes the surface charge. 
2. Migration of particles by convection to the hydrodynamic boundary layer. 
3. Diffusion of particles to the diffusion double layer. 
4. Adsorption of ion-covered particles on the electrode surface. 
5. Reduction of ions on the particles surface leading to incorporation of particle. 
 
Figure 2.8.2 Schematic of the five-stage process described by Celis et al. for electrochemical co-deposition.
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In view of these findings and results from literature, Chapter 6 will discuss a hybrid 
electrodeposition of metal ions and electrophoretic deposition of S particles approach for 
earth-abundant and non-toxic CZTS solar cells. Furthermore these results highlight that it is possible 
to deposit such films via careful selection of deposition parameters without the need for vacuum. 
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2.9. Summary 
Between the multi-bath and one-bath approach, the one-bath approach opens up possibilities for 
simpler processing and reduced fabrication time. However, the large deposition potential difference 
for Cu and Zn would result in dendrites with weak substrate adhesion. Also, there is still a lack in the 
fundamental understanding of how various species in a one-bath electrolyte affect metal deposition. 
In addition, efficiencies presented in the map (Figure 2.2.3) all employ a toxic sulfurisation and 
selenisation step to incorporate S or Se as mentioned in Section 2.2, which pose health and safety 
risks not compatible with “green technologies”, and would necessitate strict adherence to 
regulations regarding health and safety issues in large-scale manufacturing. 
In view of these limitations in current literature, this study investigates the effect of common 
additives (citric acid, thiosulfate, and thiourea) on metal precursors using cyclic voltammograms. 
Results of this study are presented in Chapter 4. Once the effect of additives on individual metal 
precursors has been studied, the effect of potential in the morphology and composition obtained 
from films deposited with a one-bath setup was investigated. The results of this study are presented 
in Chapter 5. Following that, a one-bath hybrid electrodeposition of metal ions and electrophoretic 
deposition of S particles is investigated in Chapter 6.  
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3. Characterisation and Processing Techniques 
3.1. Introduction 
This section covers relevant theoretical aspects of characterisation and processing techniques 
used in this study. Experimental details such as parameters used and equipment manufacturer can 
be found in the methodology section of Chapters 4, 5, and 6. 
3.2. Cyclic Voltammetry 
 
Figure 3.2.1 Electrochemical setup with three electrodes: working electrode (WE), a reference electrode (RE), and a 
counter electrode (CE). Electrodes are connected to a potentiostat, which is controlled by a computer. 
Cyclic voltammetry is an electrochemical analysis method that monitors the current between the 
electrodes as the potential is varied. The setup consists of three electrodes: a working electrode 
(WE), a reference electrode (RE), and a counter electrode (CE). In this thesis, the working, reference, 
and counter electrodes used were Au/Mo, Ag/AgCl, and Pt mesh respectively. The working electrode 
is the electrode of interest where oxidative or reductive current is measured. The counter electrode 
is used to complete the circuit. The reference electrode allows the potential to be defined with 
respect to a standard condition, and (because of solution resistance) is a function of where the 
reference electrode is placed, which is normally close to the working electrode. These three 
electrodes are connected to a potentiostat, which is controlled by a computer for data acquisition 
(Figure 3.2.1). Cyclic voltammetry can be used for a wide range of electrochemical analysis methods, 
but of interest in this study is the identification of reduction potential of ions and oxidation 
potentials of metals. 
A typical cyclic voltammogram is presented in Figure 3.2.2. The user defines the start potential 
(A), the reverse potential point (B), and the end potential (C). When the scan starts, the potential is 
varied at a scan rate (also known as the sweep rate) defined by the user. In the case where B < A and 
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C, the potential undergoes a negative sweep, and if the reduction potential of the metal cation is 
between A and B, then the peak will be observed. The reduction peak results from cathodic currents 
originating from either the reduction of the metal cation to the metal or reduction in valence 
numbers for metal ions with multivalent states. The cathodic current reaches a peak when the 
concentration of electrolyte species around the electrode is reduced. As the potential is decreased 
further, cathodic current decays as most of the electrolyte close to the electrode is reduced. 
Upon reaching B, the direction is reversed and the scan undergoes a positive sweep. As the potential 
point approaches an oxidation peak, anodic current increased due to oxidation of the metal. The 
anodic current increases and decays after most of the reduced electrolyte is oxidised. When the 
potential reaches point C the scan stops. Note that the potential for the reduction peak and 
oxidation peak do not occur at the same potential, but depends on the following equation for a 
reversible electrode process:126 
 |𝐸𝑂𝑥 − 𝐸𝑅𝑒𝑑| = 2.218
𝑅 ∙ 𝑇
𝑛 ∙ 𝐹
 Equation 3.2.1 
Where EOx is the oxidation peak potential, ERed is the reduction peak potential, R is the gas 
constant, T is temperature, n is the number of electrons involved, and F is the Faraday’s constant. 
For a one-electron transfer at room temperature, the peak separation is around 60 mV. The peak 
separation is also dependent on the reversibility of the reaction. As the reaction moves from a 
reversible to quasi-irreversible and irreversible reaction, the peak separation increases.126 
 
Figure 3.2.2 Schematic cyclic voltammogram with one reduction and oxidation peak. The voltammogram is obtained by 
recording current measured from the start potential (A) to the reverse potential point (B) and the end potential (C). 
3. Characterisation and Processing Techniques 
49 
To identify which reaction is occurring, standard reduction tables are referred to for common 
reduction reactions. Cyclic voltammetry is a powerful analytical tool that allows the user to 
investigate how the reduction and oxidation potentials change with different electrolyte 
environments.  
 
Figure 3.2.3 Concentration profiles of reducing and oxidising species with time (a-h). Blue represents reducing species 
while red represents oxidising species. Adapted from Kissinger and Heineman.
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The concentration profile of species by the electrode surface in a cyclic voltammetry is 
represented in Figure 3.2.3. In the initial stages, the concentration of reducing species is the same as 
the bulk concentration, while the concentration of oxidising species is zero (Figure 3.2.3a). As the 
potential scans to the negative direction, the surface concentration of reducing species decrease as 
it is converted to the oxidising species (Figure 3.2.3b and c). This continues until no more surface 
species are available for reduction which leads to a diffusion-limited reduction (Figure 3.2.3d and e) 
where the slope of the concentration profile decreases. In the reverse scan, the oxidising species is 
consumed to form the reducing species (Figure 3.2.3f-h). 
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3.3. Potentiostatic Polarisation for Deposition 
Potentiostatic polarisation involves a potential difference held at a constant value between the 
working electrode and counter electrode. This provides a polarisation of the working electrode with 
varying currents, which results in deposition of films. The result is plotted in current against time. 
Since the current is proportional to the surface area of the working electrode, the current is divided 
by the surface area to give current density. By plotting current density against time, comparisons of 
peaks can be made since the variable of surface area is removed. This is in contrast to galvanostatic 
mode in which a constant current is held between the working and counter electrode, resulting in 
varying potentials. The result is plotted in potential against time. In both potentiostatic and 
galvanostatic modes, ionic current is passed through the electrolyte and electron current is passed 
through the external circuit, which results in deposition of metal ions to form films. Table 
3.3.1 presents the main differences between potentiostatic and galvanostatic deposition. 
Table 3.3.1 Differences between potentiostatic and galvanostatic deposition. 
 Potentiostatic Galvanostatic 
Potential Fixed Varies 
Current Varies Fixed 
Plotted results Current density vs time Potential vs time 
 
For the purpose of this study, potentiostatic deposition is preferred over galvanostatic 
deposition. This is so for the following reasons: 
1. Allow deposition of metals at selected potential values. In Chapter 4, the aim is to narrow 
the deposition potential window between Cu and Zn, and a potentiostatic polarisation 
allows an investigation of the deposition potential of the metal (i.e. if a potential value is 
applied and no metal is deposited, it can be concluded that the deposition potential is 
much more negative than the applied potential). 
2. Allow selection of potentials to avoid hydrogen reduction, which results in pinhole 
formation in films. In Chapter 5, the aim is to deposit films of Cu, Zn, and Sn. Hence, in 
order to deposit films that are homogeneous, bubble formation from the reduction of 
protons is avoided. 
3. The drawback with galvanostatic mode, is the varying of the potential at a fixed current. 
This variation in potential is due to formation of the growing film, which imposes a 
certain resistance between the counter and working electrodes. Hence the potential 
would have to change to deliver the same amount of current. The disadvantage with this 
3. Characterisation and Processing Techniques 
51 
method is that the potential is not stable, and may enter into regimes that are not 
desired, such as bubble formation or deposition of a second metal. 
3.4. Scanning Electron Microscopy and Energy-Dispersive X-Ray 
Analysis 
A scanning electron microscope (SEM) uses a beam of electrons for imaging, analogous to light in 
an optical microscope. This difference allows high resolution due to the shorter wavelength of 
electrons (17 pm at an accelerating voltage of 5 kV and 12 pm at an accelerating voltage of 10 kV) as 
compared to photons (400 nm to 700 nm). In a FESEM (field emission scanning electron 
microscope), electrons are produced by a large potential difference between the field emission gun 
(electron source) in a vacuum. The large potential difference results in a critical potential gradient at 
the source surface producing electron emission. The electrons are guided by a series of condenser 
lenses to focus and direct the beam to reach the sample surface. Scanning coils are responsible for 
rastering the beam in the x and y directions across the samples. The objective lens focuses the 
electron beam on the sample. An overview of the SEM is portrayed in Figure 3.4.1. 
 
Figure 3.4.1 Schematic of a scanning electron microscope. 
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When an electron beam hits the sample, various signals can be produced. These signals are 
detected by different detectors that are present in the vacuum chamber. 
Firstly, secondary electrons are ejected from the K-shell (or 1-shell) due to inelastic scattering by 
the incident beam electrons. These electrons typically originate from 10 nm from the surface of the 
sample.128 The secondary electrons are detected by a secondary electron detector. When the beam 
hits a depression on a sample, less secondary electrons are detected resulting in a dark area, while 
an elevated area provides more secondary electrons resulting in a brighter area. This difference 
provides contrast in the image obtained. The secondary electron detector provides morphological 
information since secondary electrons originate from the first few nanometres of the sample.  
Secondly, backscattered electrons (BSE) are produced by elastic scattering. These electrons have 
higher energies than secondary electrons. The backscattered electrons are detected by a backscatter 
detector, which provides contrast between elements of various compositions since heavy elements 
produce more elastic scattering than lighter elements, and appears brighter. The backscatter mode 
is useful in imaging samples with compositional differences between light and heavy elements.  
Thirdly, X-rays are emitted when an outer shell electron relaxes to occupy a vacant state caused 
by emission of an electron by the electron beam (Figure 3.4.2). When an electron from the L-shell 
relaxes into a K-shell, the X-ray emission is a K-alpha emission. If the electron comes from the 
M-shell to the K-shell, the X-ray emission is a K-beta emission. The L-alpha (M-shell electron relaxes 
to the L-shell) emission energy is used for elements with higher atomic numbers, which results in 
high K-alpha values that may exceed the accelerating voltage of the equipment. The energy of the 
X-ray is characteristic of the element and is detected by an X-ray detector. The identity of the 
element can be identified by the X-ray energy of the emission during relaxation either through the 
K-alpha or L-alpha emission. A series of point scans can be collected to provide a map of elemental 
composition, which allows a graphical representation of elements distributed in the sample. 
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Figure 3.4.2 Schematic of x-ray emission for EDX detection with a) incoming electron beam hitting an electron, 
b) electron gains enough energy to leave the atom leaving behind a vacancy, and c) electron from higher energy state 
filling up the vacancy and releasing an x-ray with energy equal to the energy difference from the energy states. Green 
represents host nucleus, yellow represents an electron, and white represents a vacant site. Blue and red wavy lines 
represent incoming electron beam and emitted X-ray respectively. 
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4. Reduction of the Cu-Zn Deposition Window 
4.1. Objective and Motivation 
The research objective of this chapter is to answer the question of whether the Cu-Zn deposition 
potential window can be reduced to optimise one-bath electrodeposition of Cu-Zn-Sn thin films. 
With a reduced Cn-Zn deposition window, the overpotential for Cu deposition is decreased, which 
leads to better adhesion to the substrate and film quality.59, 86 
This research objective was approached with the understanding that additives have been used to 
complex metal ions, thus changing their deposition potentials.64, 87, 88, 129 In view of this, three 
additives were studied (citric acid, thiosulfate, and thiourea), and results were compared with a 
control (no additive) in a one-bath approach.  
4.2. Methodology 
Copper (II) chloride dihydrate (CuCl2
.2H2O, ACS Reagent, Sigma-Aldrich), zinc chloride (ZnCl2, 
Analar Normapur, VWR BDH Prolabo), tin (II) chloride dihydrate (SnCl2
.2H2O, ACS Reagent, 
Sigma-Aldrich), sodium thiosulfate pentahydrate (Na2S2O3
.5H2O, Analar, BDH), thiourea (CH4N2S, 
ReagentPlus, Sigma-Aldrich), potassium chloride (KCl, GPR Rectapur, VWR BDH Prolabo), and citric 
acid monohydrate (C6H8O7
.H2O, Analar Normapur, VWR BDH Prolabo) were used as-received. 
De-ionised (DI) water (> 18 MΩ.cm, Millipore Direct-Q 3) was used to prepare aqueous solutions and 
nitrogen gas (BOC Gases Ltd) was used to purge the solutions for 30 min to remove dissolved 
oxygen, which may result in metal oxide formation. Note that no hydrogen peroxide or nitrates were 
used to minimize electrochemical formation of OH-, which precipitates the metal ions as hydroxides. 
Each solution contained 10 mM of the metal chloride with 100 mM KCl as supporting electrolyte. 
For the study on additives, 100 mM of the additive was incorporated into the final solution. The pH 
of the solution was adjusted drop-wise with HCl to a range of 1.5 to 2.0, where Sn2+ is stable.64 In this 
case the chloride salts were chosen for their high solubility.81  
Electrodeposition of metal films was carried out at constant potential on to 100 nm Au-coated 
glass substrates (EMF Corporation, Ithaca NY, USA). Prior to film growth, the substrates were 
cleaned with successive baths of acetone, isopropanol, and DI water in an ultrasonic bath for 10 min, 
followed by drying with a gentle stream of compressed air. A comparison with molybdenum was 
conducted for verification of the effect of additives. In these verification experiments, the Mo 
substrates were deposited by sputtering to a thickness of approximately 1 μm. These verification 
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experiments were carried out to isolate possible interactions between additives and substrate 
(e.g. Au–S interactions) which may mask interactions between additive and metal ions. 
Cyclic voltammetry was performed with a computer-controlled Eco Chemie Autolab PGSTAT 302 
potentiostat with a conventional three-electrode cell set-up consisting of platinum mesh and 
Ag/AgCl as the counter electrode and reference electrode respectively. The Au or Mo substrates 
were used as the working electrode. Au was chosen as it is an electrochemically inert material thus 
eliminating electrochemical noise from side reactions pertaining to the substrate. Potentials quoted 
subsequently are with reference to the Ag/AgCl (+197 mV vs SHE) unless otherwise stated. 
Experiments were conducted at room temperature with a scan rate of 10 mV/s within the range 
of -1.4 V to +0.7 V. The list of solutions studied is presented in Table 4.2.1. 
Table 4.2.1 List of solutions prepared for experiments in this chapter. Note that in all solutions, 100 mM KCl was added. 
Thiosulfate was added as a sodium salt (Na2S2O3
.
5H2O). 
Metal ion Additive 
10 mM Cu2+ 
None 
100 mM citric acid 
100 mM thiosulfate 
100 mM thiourea 
10 mM Zn2+ 
None 
100 mM citric acid 
100 mM thiosulfate 
100 mM thiourea 
10 mM Sn2+ 
None 
100 mM citric acid 
100 mM thiosulfate 
100 mM thiourea 
 
 
  
4. Reduction of the Cu-Zn Deposition Window 
56 
4.3. Speciation Analysis of Species in KCl 
The speciation diagrams presented in this section were developed using the Hydra/Medusa 
Chemical Equilibrium Database and Plotting Software.130 Although the software allows convenient 
speciation of various metals, there are several limitations to note: 
1. The software calculates complexation reactions in equilibrium, which does not take into 
account kinetics of reactions. This may explain the simulation of certain complexes that are 
not reported in literature, possibly due to the slow kinetics of formation. 
2. The software does not include certain complexing agents. Of importance is the thiourea 
compound, which is not included in the package. In view of this, stability constants from 
Krzewska et al. for Cu-thiourea were used for Figure 4.3.4.131 Although Sn-thiourea 
complexes,132 Sn-thiourea-chloride complexes,133 and Zn-thiourea-chloride complexes134 have 
been reported to exist, the lack of stability constants prevents speciation of these complexes.  
Despite these limitations, results from this section will provide a better understanding of an 
already complicated system. Note that a species designated with a “c” indicates that the species is 
predicted to be a solid. 
Figure 4.3.1 presents speciation diagrams of 10 mM of CuCl2, ZnCl2, and SnCl2 with 100 mM KCl. 
In Figure 4.3.1a, soluble Cu species are present below pH 4 as either Cu2+ or CuCl+ with insoluble 
CuCl2:3Cu(OH2) forming between pH 4 and 7, and CuO forming from pH 7 onwards. Figure 4.3.1b 
indicates soluble Zn2+ and ZnCl+ below pH 6.5 with insoluble Zn5(OH)8Cl2 and ZnO between pH 6.5 
and 13. As the pH approach 14, soluble Zn(OH)3
- and Zn(OH)4
2- form. Figure 4.3.1c indicates that 
soluble Sn species such as SnCl+, SnCl2, Sn
2+, and SnCl3
-, are formed below pH 2.5. Insoluble SnO 
forms between a wide pH range from 2.5 to 12.5, followed by soluble Sn(OH)3
- formation above 
pH 12.5. These results suggest an experimental pH range of less than 2.5 to be adequate for studying 
shifts in metal ion deposition potentials with additives. 
Figure 4.3.2 presents speciation diagrams of 10 mM of CuCl2, ZnCl2, and SnCl2 with 100 mM KCl 
and 100 mM citric acid. With citric acid (denoted as (cit) in the diagram) added, soluble Cu species 
are present below 9.5. Oxide formation occurs above pH 9.5. Note that below pH 2, no Cu-citric acid 
complex is formed, implying that citric acid is effective above pH 2, which agrees with findings from 
literature.64, 98 In the case of Zn2+, soluble Zn species exist from pH 1 to pH 10 with ZnO precipitating 
between pH 10 and 13, followed by formation of soluble Zn(OH)4
2- and Zn(OH)3
- (Figure 4.3.2b). 
From Figure 4.3.2c, citric acid does not seem to have an effect on Sn2+. However, Han et al. reported 
a speciation diagram for Sn2+ and found that [Sn(H3cit)]
+ is the main complex below pH 2, [Sn(H2cit)] 
between pH 2 and 3, and [Sn(Hcit)]- above pH 3.135 This difference between simulated results and 
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literature findings highlights the limitation of the Hydra/Medusa Chemical Equilibrium Database and 
Plotting Software in that it does not contain rarely used stability constants and complexation 
reactions. Nevertheless, these results suggest that citric acid is able to extend the solubility of both 
Cu2+ and Zn2+ to higher pH values than without citric acid, but not Sn2+. 
Figure 4.3.3 presents speciation diagrams of 10 mM of CuCl2, ZnCl2, and SnCl2 with 100 mM KCl 
and 100 mM thiosulfate. For Cu, Cu+ is used instead of Cu2+ as Cu2+ is reduced by thiosulfate in the 
following reaction:136, 137 
 2Cu2+  +  2S2O3
2-  →  2Cu+  +  S4O6
2- Equation 4.3.1 
With thiosulfate, Cu is soluble below pH 10 as CuS2O3
-, and precipitates as Cu2O above pH 10 with 
a small amount of soluble Cu(OH)2
- from pH 13 and above (Figure 4.3.3a). In the case of Zn, soluble 
Zn species exists to a pH of 7 as ZnCl+, Zn2+, and ZnS2O3 before precipitating as Zn5(OH)8Cl2 and ZnO 
between pH 7 to 13, and soluble Zn(OH)4
2- and Zn(OH)3
- above pH 13 (Figure 4.3.3b). No significant 
difference was observed for Sn when compared to no additive and with citric acid (Figure 4.3.3c). 
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Figure 4.3.1 Speciation diagram for 10 mM of (a) CuCl2, (b) ZnCl2, and (c) SnCl2, each with 100 mM KCl. Species with a “c” 
indicates that the species is a solid. The red lines at the pH axis indicate the solubility window. 
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Figure 4.3.2 Speciation diagram for 10 mM of (a) CuCl2, (b) ZnCl2, and (c) SnCl2, each with 100 mM KCl and 100 mM citric 
acid. Species with a “c” indicates that the species is a solid. The red lines at the pH axis indicate the solubility window. 
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Figure 4.3.3 Speciation diagram for 10 mM of (a) CuCl, (b) ZnCl2, and (c) SnCl2, each with 100 mM KCl and 100 mM 
thiosulfate. Species with a “c” indicates that the species is a solid. The red lines at the pH axis indicate the solubility 
window. 
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Figure 4.3.4 Speciation diagram for (a) 10 mM of CuCl, 100 mM KCl, and 100 mM thiourea, and (b) 10 mM of CuCl and 
100 mM KCl. Species with a “c” indicates that the species is a solid. The red lines at the pH axis indicate the solubility 
window. 
Figure 4.3.4a presents speciation diagram for 10 mM of CuCl2, 100 mM KCl, and 100 mM 
thiourea. Like thiosulfate, the Cu+ ion is used instead of Cu2+ due to the reduction of Cu2+ by 
thiourea:105 
 2Cu2+  +  2(NH2)2CS  →  2Cu
+  +  [-SC(=NH)NH2]2  +  2H
+ Equation 4.3.2 
 Cu+  +  x(NH2)2CS  →  [Cu[(NH2)2CS]x]
+  (x = 1 to 4) 106 Equation 4.3.3 
With thiourea, Cu species are soluble up to pH 12, higher than solutions with chloride, citric acid, 
and thiosulfate. This dramatic increase in solubility window would be beneficial for Cu deposition 
over a wide pH range as presented in Figure 4.3.5. Above pH 12, it exists as insoluble Cu2O and 
soluble Cu(OH)2
-. Note that there exists a small fraction of the CuCl2
- complex (in the order of 10-8) 
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not shown in Figure 4.3.4a due to the small magnitude. For clarity purposes, Figure 4.3.4b presents 
speciation diagram for 10 mM of CuCl and 100 mM KCl, which indicates the presence of the CuCl2
- 
species between pH 1 and 5. As mentioned previously, speciation diagrams for thiourea with Zn and 
Sn is not shown due to the lack of stability constants in literature. 
Figure 4.3.5 presents an overview of the pH range at which no precipitates form. Interestingly for 
Cu, the pH range of which Cu species are soluble increases from no additive to citric acid, thiosulfate, 
and thiourea, which has a large pH window from zero to slightly above 12. In the case of Zn, the 
range is increased in the order of chloride, thiosulfate, and citric acid. With Sn, no difference was 
observed from calculations for any additive species. 
 
Figure 4.3.5 Summary chart showing the range of pH starting from zero at which no precipitates form for Cu, Zn, and Sn 
in environments without additive, citric acid, thiosulfate, and thiourea. 
With these results, a summary of the main species in each solution according to speciation 
models with the software package in the range of pH 1.5 to 2.0 was obtained. These species are 
presented in Table 4.3.1 below. 
Table 4.3.1 Overview of main species in the pH range of 1.5 to 2.0 calculated from software package. 
Metal ion Citric acid Thiosulfate Thiourea 
Cu2+ and Cu+ Cu
2+/CuCl+/CuCl2
- CuS2O3
- Cu(TU)x
+ (x=1 to 4) 
Zn2+ Zn
2+/ZnCl+ ZnS2O3/Zn
2+/ZnCl+ N.A. 
Sn2+ SnCl
+/SnCl2/Sn
2+/SnCl3 SnCl
+/SnCl2/Sn
2+/SnCl3 N.A. 
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Table 4.3.2 presents an overview of the agreement between the software package and literature 
on possible complexing effect of citric acid, thiosulfate, and thiourea on Cu, Zn, and Sn. It is worth 
noting that there is good agreement between predicted complex species and literature for Cu 
possibly due to extensive early work on Cu deposition with additives. However, it is noted that there 
is some differences between the software and literature on Zn (with thiourea) and Sn (citric acid and 
thiourea). This highlights the limitation of the software approach and the need to cross-check with 
literature. Nevertheless, as stated before, the approach with the software package provides an initial 
starting point for an otherwise complex multi-element deposition system. 
Table 4.3.2 Overview of possible complexation of metal ions with various additives according to the software package 
and in literature (in brackets). A tick indicates possible complexation while a cross indicates no complexed species 
simulated. In the case of Sn with thiosulfate, the cross in brackets indicates no Sn-thiosulfate literature was found. 
Metal ion Citric acid Thiosulfate Thiourea 
Cu  ()  ()  () 
Zn  ()  ()  () 
Sn  ()  ()  () 
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4.4. Cyclic Voltammetry Analysis of Cu2+ 
 
Figure 4.4.1 Cyclic voltammetry curves showing first scans of (a and b) reduction and (c and d) oxidation scans of 10 mM 
of CuCl2, 100 mM of KCl and 100 mM of additives on (a and c) Au and (b and d) Mo substrate. Blue arrows indicate 
negative shifts in (a) reduction and (c) oxidation peaks. The additives were (i) thiourea, (ii) thiosulfate, (iii) citric acid, 
and (iv) no additive. The solution pH was between 1.5 to 2.0. 
Figure 4.4.1 shows cyclic voltammograms of 10 mM CuCl2 and 100 mM of KCl as supporting 
electrolyte with and without 100 mM of additives. For clarity, cathodic (Figure 4.4.1a and b) and 
anodic (Figure 4.4.1c and d) curves have been separated. Without any additives, an initial peak at 
+0.12 V is observed (Figure 4.4.1a, black line). 
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A second reduction peak at -0.07 V is observed. In acidic aqueous media with chloride, the CuCl2
- 
complex is dominant,138 as the Cu2+ to Cu+ reduction is strongly catalysed by chlorides.139 
The reduction of Cu2+ follows the pathway below:140 
 Cu2+  +  2Cl-  +  e-  →  CuCl2
- Equation 4.4.1 
 CuCl2
-  →  CuClad  +  Cl
- Equation 4.4.2 
 CuClad  +  e
-  →  Cu  +  Cl- Equation 4.4.3 
The broad peak at +0.12 V could be explained by the initial reduction of Cu2+ to Cu+ followed by 
formation of the CuCl2
- complex. The CuCl2
- complex adsorbs on the substrate as insoluble CuCl and 
is further reduced to Cu as the potential decreases to -0.07 V. 
The increase in current from -0.7 V to more negative values is attributed to the hydrogen 
evolution reaction. Interestingly, a peak was observed at -0.9 V for the case without additives (Figure 
4.4.1a, black line). This suggests the reaction becomes mass transport limited.  
In the positive sweep without any additives, two main oxidation peaks were identified at +0.13 V 
and +0.34 V, which represents the two single-electron processes of Cu → Cu+ → Cu2+ (Figure 4.4.1c, 
black line). 
In the case with 100 mM citric acid, reduction and oxidation peaks appear at very similar values, 
signifying that citric addition at pH values of 1.5 to 2.0 does not show any significant complexing 
effect on Cu2+ (Figure 4.4.1a and c, red line). This agrees with the predictions from Gougaud et al. 
based on calculated speciation diagrams, suggesting that citric acid only shows complexing effect at 
pH above 2.64 
With addition of 100 mM thiosulfate, a significant peak shift in deposition potential from -0.07 V 
to -0.56 V (Figure 4.4.1a, blue line) was observed. This negative shift of 0.49 V is attributed to 
complexation of Cu+ by thiosulfate. Etschmann et al. reported that among the Cu-thiosulfate 
complexes, the [Cu(S2O3)3]
5- complex has the highest stability constant.104 They also reported that in 
electrolytes with chlorides present, complexes such as [Cu(S2O3)Cl(H2O)]
2- and [Cu(S2O3)Cl2]
3- are 
suggested to exist. An oxidation peak was observed in the positive sweep with a peak value 
of -0.31 V (Figure 4.4.1c, blue line). Unlike in the case with 100 mM citric acid and without additives, 
only one oxidation peak was observed. The presence of only one oxidation peak could be explained 
by the uptake of any oxidized Cu by the additive before stabilization of the surface by Cl-. 
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A similar trend was also observed for thiourea with a deposition potential of -0.59 V to -0.64 V 
(Figure 4.4.1a, magenta line) followed by an oxidation peak at -0.23 V (Figure 4.4.1c, magenta line). 
Farndon et al. have suggested the following relevant reactions:105 
 2Cu2+  +  2(NH2)2CS  →  2Cu
+  +  [-SC(=NH)NH2]2  +  2H
+ Equation 4.4.4 
 Cu+  +  x(NH2)2CS  →  [Cu[(NH2)2CS]x]
+  (x = 1 to 4)106 Equation 4.4.5 
 [Cu[(NH2)2CS]x]
+  +  e-  →  Cu  +  [(NH2)2CS]x Equation 4.4.6 
Thiourea reduces Cu2+ to Cu+ while it is oxidized to form formamidine disulfide ([-SC(=NH)NH2]2). 
The Cu+ ion is then complexed by thiourea, and subsequently reduced to Cu at the electrode. 
A reproducible reduction peak was observed at around -0.1 V, and is attributed to the reduction of 
the CuCl2
- complex. The dominant oxidation peak at -0.23 V compared to the small oxidation peak at 
+0.13 V suggests that the main Cu deposition mechanism occurs via the Cu-thiourea complex 
instead of the CuCl2
- complex. Furthermore, literature suggests that the stability constant (log β) of 
Cu-thiourea complex is between 11.00 to 15.40,107 which is higher than the CuCl2
- complex, which 
has a log β of 5.48.141 This suggests that most of the Cu species exist in the form of the Cu-thiourea 
complex as suggested by the speciation diagram in Figure 4.3.4a. 
An increase in oxidation current was observed with thiosulfate from +0.4 V to more positive 
values. However, this phenomenon was not observed in the case of Zn2+ and Sn2+ (Figure 4.5.1b and 
d), which implies that the oxidation is only observed in the presence of Cu2+. Zhang and Nicol have 
reported Cu-catalysed Au dissolution in the presence of thiosulfate by oxidation of the Au by the 
Cu-thiosulfate complex.142 They also reported that dissolution is more pronounced at lower 
pH values.  
Oxidation peaks above +0.2 V were observed for thiosulfate and thiourea but not in citric acid 
and without additive. Scans were also compared with solutions with (Figure 4.4.2a) KCl only, (Figure 
4.4.2b) KCl and thiourea, and (Figure 4.4.2c) KCl, thiourea, and Cu2+, and oxidation peaks above 
+0.2 V were observed when thiourea was present.  
Hence the oxidation peaks above +0.2 V for Figure 4.4.1 is attributed to gold leaching at positive 
potentials by thiosulfate and thiourea,143, 144 evidenced by the disappearance of the gold film after 
the experiment. In the case of Zn2+ and Sn2+ (Figure 4.5.1c and d), oxidation peaks above +0.2 V were 
not observed for thiosulfate. Feng and van Deventer reported that the presence of impurities such 
as Zn (over 10 mg/L) decreased the dissolution of Au even with thiosulfate present.145 
To identify if the shift in Cu deposition potential to more negative values is substrate dependent, 
the same experiment was performed on Mo-sputtered glass slides. With Mo, two reduction peaks 
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were identified at +0.12 V and -0.10 V for citric acid and without additive (Figure 4.4.1b, black and 
red lines). With addition of thiosulfate and thiourea, the reduction peak shifted to -0.46 V 
and -0.41 V respectively (Figure 4.4.1b, blue and magenta lines). A main reduction peak at -0.68 V 
was also observed without additive, with thiosulfate, and with thiourea. It was not observed in citric 
acid as it is masked by hydrogen evolution. Pre-treatment of the molybdenum substrate at -0.8 V did 
not appear to have any effect on the peak at -0.68 V. Lu and Clayton found only weak Cl 2p signals 
from XPS on molybdenum in 0.1 M HCl, indicating that chlorine-containing surface complexes were 
not the major species.146 Like Au, the oxidation peaks for Mo also showed a negative shift with the 
addition of thiosulfate and thiourea but not for citric acid (Figure 4.4.1d). The large oxidative 
currents at potentials greater than +0.2 V are attributed to transpassive dissolution of the Mo layer 
as soluble HMoO4
- in the following equations:147 
 MoO2  +  2H2O  →  HMoO4
-  +  3H+  +  2e- Equation 4.4.7 
 MoO3  +  H2O  →  HMoO4
-  +  H+ Equation 4.4.8 
 
Figure 4.4.2 Positive linear sweep voltammetry on Au with (a) KCl, (b) KCl and thiourea, and (c) KCl, thiourea, and CuCl2. 
Electrolyte contained 100 mM of KCl, 100 mM of thiourea, and 10 mM of CuCl2. Black dashed arrow shows direction 
of scan. The solution pH was between 1.5 to 2.0. 
From this section, the addition of citric acid did not show any significant changes to the redox 
peaks for Cu2+. However, thiosulfate and thiourea both result in a significant negative shift in both 
reduction and oxidation peaks of Cu. In addition, the shift in Cu deposition potential occurs 
independent of the substrate used. 
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4.5. Cyclic Voltammetry Analysis of Zn2+ and Sn2+ 
 
Figure 4.5.1 Cyclic voltammetry curves showing first scans of (a and b) reduction and (c and d) oxidation scans with (a 
and c) 10 mM of ZnCl2, and (b and d) 10 mM of SnCl2 on Au substrate. Both solutions contained 100 mM of KCl and 100 
mM of additives. The additives were (i) thiourea, (ii) thiosulfate, (iii) citric acid, and (iv) no additive. The solution pH was 
between 1.5 to 2.0. 
Figure 4.5.1 presents cyclic voltammograms of 10 mM ZnCl2 or SnCl2 and 100 mM of KCl as 
supporting electrolyte with and without 100 mM additives. Without any additive, a main reduction 
peak at -1.13 V was observed with a small shoulder at -0.95 V (Figure 4.5.1a, black line). The main 
reduction peak is attributed to the reduction of Zn2+ to Zn while the shoulder could be due to onset 
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of hydrogen evolution at acidic pH. An oxidation peak for Zn was observed at -0.88 V (Figure 4.5.1c, 
black line). 
Interestingly in the case of Zn, the reduction peaks for citric acid (-1.16 V), thiosulfate (-1.17 V), 
and thiourea (-1.10 V) showed insignificant changes (Figure 4.5.1a). The oxidation peaks were also 
similar for citric acid (-0.84 V), thiosulfate (-0.86 V), and thiourea (-0.89 V) (Figure 4.5.1c). 
A reduction peak at about -0.45 V was observed for Zn2+ with thiosulfate, which was also observed in 
a repeat experiment. This is attributed to the possible reduction of the additive, which was also 
observed in the case for Sn2+. 
In the case of Sn2+, without any additive, a main reduction peak and main oxidation peak were 
observed at -0.47 V and -0.23 V respectively (Figure 4.5.1b and d, black line). Similar to Zn, the 
addition of additives did not change the position of the reduction and oxidation peaks of citric acid 
(-0.47 V and -0.26 V), thiosulfate (-0.49 V and -0.19 V), and thiourea (-0.48 V and -0.24 V) 
significantly (Figure 4.5.1b and d). This further supports the results from the speciation diagrams of 
Sn that citric acid, thiosulfate, and possibly thiourea does not show complexing effect on Sn as only 
the Sn-Cl complex and Sn2+ species exists below pH 2 (Figure 4.3.1c, Figure 4.3.2c, and Figure 4.3.3c). 
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Figure 4.5.2 Cyclic voltammetry curves showing first scans of (a and b) reduction and (c and d) oxidation scans of (a and 
c) 10 mM of ZnCl2, 100 mM of KCl and 100 mM additives, and (b and d) 10 mM of SnCl2, 100 mM of KCl and 100 mM of 
additives on Mo substrate. The additives were (i) thiourea, (ii) thiosulfate, (iii) citric acid, and (iv) no additive. 
The solution pH was between 1.5 to 2.0. 
A similar trend was also observed for Zn and Sn studies on molybdenum. Figure 4.5.2 shows cyclic 
voltammograms of 10 mM ZnCl2 or SnCl2 and 100 mM of KCl as supporting electrolyte with and 
without 100 mM additives on Mo substrates. For Zn, reduction and oxidation peaks were not 
observed in the case of citric acid due to masking by hydrogen evolution. Main reduction peaks for 
no additive (-1.17 V), thiosulfate (-1.25 V), and thiourea (-1.17 V) did not change much (Figure 
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4.5.2a). Oxidation peaks were also similar for no additive (-0.88 V), thiosulfate (-0.86 V), and 
thiourea (-0.87 V) (Figure 4.5.2c). In the case of Sn, the reduction and oxidation peaks remained 
similar as well for no additive (-0.51 V and -0.30 V), citric acid (-0.50 V and -0.27 V), thiosulfate 
(-0.48 V and -0.23 V), and thiourea (-0.49 V and -0.26 V) (Figure 4.5.2b and d). These results are 
similar to results on Au substrates, highlighting that the effect of additive on metal deposition is not 
heavily dependent on substrates used. 
From this section the three additives did not have a significant change in the reduction and 
oxidation potentials for Zn and Sn. Note that although the valency of Cu, Zn, and Sn ions was +2, two 
distinct reduction and oxidation peaks were observed for Cu2+ but only one reduction and oxidation 
peak for Zn2+ and Sn2+. This is attributed to the higher stability of the Cu+ species in a chloride 
environment than Zn and Sn.81 The stabilization of Cu+ by chloride allows two distinct one-electron 
transfer steps to be observed for Cu while the two one-electron transfer steps for Zn and Sn were 
not observed possibly due to the low stability of the single valence form, resulting in an almost 
instantaneous transfer of two electrons.148-150 
 
Figure 4.5.3 Potentials of main reduction peaks with various additives for Cu, Sn, and Zn. 
Figure 4.5.3 summarizes reduction potentials of Cu, Sn, and Zn with various additives. The 
potential window decreases from 1.09 V (citric acid) to 0.68 V (thiosulfate) and 0.62 V (thiourea). 
Note that with thiosulfate and thiourea, the deposition window is no longer defined by Zn and Cu, 
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but by Zn and Sn. Results obtained by Gougaud et al., demonstrated a decrease in potential window 
between Zn and Cu from 1.09 V without additive to 1.05 V with citrate.64 The results obtained in this 
study demonstrate a much more significant reduction in potential difference and improved stability 
of Sn2+. 
4.6. Nature of Complexation with Additives 
Citric acid complexes Cu through the carboxylate and hydroxyl group,151 which are highlighted in 
red in Figure 4.6.1. In the case for Zn, it was also suggested that the complexation occurs through 
the oxygen in the carboxylate group.152 Although no complexation was found for Sn in the speciation 
analysis earlier, Han et al. proposed a speciation diagram for Sn2+ with citrate, and suggested that Sn 
is complexed via carboxylic and hydroxyl oxygen.135 Note that, at acidic pH, the abundance of H+ in 
the solution discourages the dissociation of native H+ in citric acid. This would inactivate the 
complexing ability of citric acid, which explains the similar deposition potentials obtained without 
additives and with citric acid as presented in Figure 4.5.3.  
 
Figure 4.6.1 Structure of citric acid in acid and alkali environment with H in red to indicate ligands for complexation. 
In solutions with thiosulfate, Cu is complexed to thiosulfate via the S atom.104 Dhawale suggested 
that in low pH environments, thiosulfate disproportionates into bisulfite (HSO3
-) and colloidal 
sulfur:84 
 S2O3
2-  +  H+  →  HSO3
-  +  S Equation 4.6.1 
The sulfite anion (SO3
2-) contains a lone pair,153 which may result in complexation with metal ions. 
Although thiosulfate is unstable in acidic environments, Anthony and Williams reported that 
thiosulfate complexes are stable in acidic conditions,154 which explains the existence of the 
[Cu(S2O3)x]
y complexes reported in literature104 and discussed earlier in this chapter. Like thiosulfate, 
thiourea complexes Cu via the S atom.105 This complexation effect is assisted by lone pair 
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interactions, as observed by Piro et al. in Au-thiourea systems.155 Figure 4.6.2 shows the structure of 
thiourea and sulfite with the lone pairs on the sulfur highlighted in red. 
 
Figure 4.6.2 Structure of thiourea and sulfite with lone pairs highlighted in red for clarity. 
As a potential for future work, the interactions between complexing agents and metal ions could 
be investigated further by: 1) UV-Vis measurements for coloured complexes where absorbance is 
proportional to concentration, 2) X-ray absorption near edge structure (XANES) to investigate 
changes in metal oxidation state, and 3) nuclear magnetic resonance spectroscopy for identification 
of metal-ligand interactions. 
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4.7. Summary 
In this chapter an initial speciation calculation was conducted to provide an initial understanding 
of the soluble complex species. Limitations of this approach were considered, and complex species 
from literature were compared. In the electrochemical cyclic voltammetry studies, it was found that 
thiourea is able to reduce the Cu deposition potential to more negative values such that the Sn-Zn 
window overtakes the Cu-Zn window. In addition, the stability of thiourea in acidic solutions (pH 1.5 
to 2.0) positions it as a preferred additive over thiousulfate, which also shows the same complexing 
ability. Citric acid however, did not show significant changes to the Cu-Zn deposition potential 
window. The deposition potential of Sn2+ showed insignificant changes in solutions with the 
additives. These results are not heavily dependent on substrate used as highlighted by similar results 
on Au and Mo substrates. Finally, the nature of complexation with Cu, Zn, and Sn was discussed. The 
significance of these results lies in the reduction of the Cu-Zn deposition potential window, which 
would improve film coverage. 
In the next chapter, the three metals (10 mM of Cu2+, Zn2+, and Sn2+) are combined in one bath 
with 100 mM KCl and 100 mM of additive to deposit films with Cu-Zn-Sn from a one-bath approach. 
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5. Deposition of Ternary Cu-Zn-Sn Films 
5.1. Objective and Motivation 
With a suitable additive (thiourea) identified in the previous chapter, the research objective of 
this chapter is to determine if films with Cu-Zn-Sn can be obtained in a one-bath approach, and the 
effect of deposition potential on both morphology and composition.  
This research objective was approached with the understanding that morphology of deposits vary 
with deposition potentials.156-158 This is especially important in a bath with multiple metal ions with 
different deposition potentials for each metal ion. In view of this, films with the three additives 
(citric acid, thiosulfate, and thiourea) and without additive (control) were deposited at -0.2 V, -0.5 V, 
-0.8 V, -1.1 V, -1.3 V. 
5.2. Methodology 
One-bath solutions were prepared with the same chemicals as for the previous chapter. These 
solutions contained 10 mM Cu2+, 10 mM Zn2+, and 10 mM Sn2+. For the supporting electrolyte, 
100 mM KCl was used. A three-electrode setup was used with Au as the working electrode, Pt as the 
counter electrode, and Ag/AgCl as the reference electrode. Potentials quoted subsequently are with 
reference to the Ag/AgCl (+197 mV vs SHE) unless otherwise stated. Experiments were conducted at 
room temperature with a scan rate of 10 mV.s-1 within the range of -1.4 V to +0.7 V. Solutions with 
and without additives (citric acid, thiosulfate, and thiourea) were prepared, and they were stable for 
several days with no precipitation observed, except for the bath with thiosulfate, which turned 
cloudy upon pH adjustment to 2.0 due to formation of colloidal sulfur from the degradation of 
thiosulfate in acidic conditions.159 The same bath was used to deposit films at -0.2 V, -0.5 V, -0.8 V,       
-1.1 V, -1.3 V using the Eco Chemie Autolab PGSTAT 302 potentiostat for 15 min. It will be shown 
later that the decrease in metal ion concentration is negligible, which justifies the use of the same 
solution for five depositions. After deposition, the substrates were rinsed carefully with DI water and 
gently dried with a stream of compressed air. The list of solutions studied is presented in Table 5.2.1. 
Film morphology was characterized using the Auriga ZEISS Field Emission Scanning Electron 
Microscope (SEM) with an accelerating voltage of 5 kV. Chemical composition was obtained by 
Energy Dispersive X-ray (EDX) analysis with an accelerating voltage of 10 kV. To improve accuracy, at 
least 12 random analysis points were conducted on flat surfaces of each sample to provide a 
representative average of the chemical composition. 
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Table 5.2.1 List of solutions prepared for experiments in this chapter. Note that in all solutions, 100 mM KCl was added. 
Electrolyte Additive 
10 mM Cu2+, Zn2+, and Sn2+ None 
10 mM Cu2+, Zn2+, and Sn2+ 100 mM citric acid 
10 mM Cu2+, Zn2+, and Sn2+ 100 mM thiosulfate 
10 mM Cu2+, Zn2+, and Sn2+ 100 mM thiourea 
 
5. Deposition of Ternary Cu-Zn-Sn Films 
77 
5.3. Analysis of One-Bath Solution 
 
Figure 5.3.1 Linear scan voltammetry of one bath containing 10 mM of CuCl2, SnCl2, ZnCl2, and 100 mM KCl, (a) without 
additives, (b) with 100 mM citric acid, (c) with 100 mM thiosulfate, (d) with 100 mM thiourea. Red, blue, and green 
dotted lines correspond to deposition potential of Cu, Sn, and Zn respectively. The solution pH was between 1.5 to 2.0, 
and the substrate was gold. 
When Cu, Zn, and Sn precursors were placed in the same electrolyte with and without additives, 
the reductive scans were recorded and compared with individual metal baths as shown in Figure 
5.3.1. In the case of no additive and citric acid, the reduction peak for Zn is hidden by hydrogen 
evolution reaction in the combined electrolyte (Figure 5.3.1a and b, black line). However with 
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thiosulfate and thiourea, the Zn reduction peak was clearly observed in the combined electrolyte. 
This highlights the potential use of thiosulfate and thiourea as an additive to reduce hydrogen 
evolution, possibly due to their buffering ability or strong adsorption to the substrate via the sulfur 
moiety. Bukowska and Jackowska reported that in acidic media, thiourea inhibits hydrogen evolution 
due to the adsorption of the sulfur atom on to silver electrodes.160 Garcia et al. reported adsorption 
of thiourea to gold electrodes.161 With the adsorption of sulfur on gold, hydrogen adsorption on gold 
is prevented, thus reducing hydrogen evolution in Equation 5.3.1 and Equation 5.3.2:162 
 H3O
+  +  e-  →  Hads  +  H2O Equation 5.3.1 
 2Hads  →  H2 Equation 5.3.2 
In the case for no additive and citric acid, the deposition potentials of Sn remained approximately 
the same in both the individual bath and the combined bath. However, for Cu, there seems to be a 
shift in deposition potential to slightly more negative values in the case of no additive and citric acid. 
This could be due to deposition of Sn-Cu alloys which exhibit one alloy peak instead of two 
metal peaks. In the case of thiosulfate and thiourea, the deposition potential of Cu remains 
approximately the same in the individual metal bath and combined metal bath. This could be due to 
the complexing nature of thiosulfate and thiourea that causes the deposition potential of Cu to be 
insensitive to the presence of other ionic species in a combined electrolyte. 
With a clear correlation of reduction peaks between individual bath and combined bath, films 
from the combined electrolyte were deposited to analyse the compositions and morphology 
obtained at different deposition potentials. 
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5.4. Chemical Composition and Morphology of Films Deposited 
from One-Bath Solution 
Figure 5.4.1 presents current-transients obtained from one-bath depositions at -0.2 V, -0.5 V,        
-0.8 V, -1.1 V, and -1.3 V with no additive, citric acid, and thiourea. Data from depositions with 
thiosulfate are not shown as the film flaked off easily upon removal from the electrolyte, possibly 
due to the instability of thiosulfate in acidic solutions, which leads to poor depositions. The curves 
for no additive and citric acid (Figure 5.4.1a and b respectively) are similar in shape. One difference 
is the slightly smaller magnitude of currents observed in the case with citric acid, possible due to 
competition between deposition of metal ions and adsorption of the additive. In both cases 
depositions at -0.2 V, -0.5 V, and -0.8 V plateau at the end, indicating linear growth rate. However, at 
-1.1 V and -1.3 V the current density increases with time. This is attributed to contribution from 
hydrogen evolution, which would have resulted in pinholes and poor film coverage (refer to Figure 
5.4.6). The formation of dendrites may also explain the increasing current density observed due to 
the increased surface area. 
In the case of thiourea (Figure 5.4.1c), measured current density at -0.2 V in the plateau region is 
-0.01 mA/cm2, which is less than -0.59 mA/cm2 obtained at -0.2 V with no additive and citric acid. 
This could explain the lack of metal deposition detected by EDX (Figure 5.4.3c and Figure 5.4.4c). 
At -0.5 V, the current transient is similar to the current transient at -0.2 V, but with a higher plateau 
current density of -0.44 mA/cm2, which corresponds to deposition of Cu and Sn (Figure 5.4.3f). 
The smaller current density at -0.5 V for thiourea would explain the morphology difference with no 
additive and citric acid at -0.5 V. With thiourea, a compact film was obtained, as compared to 
nanocubes with no additive and citric acid (Figure 5.4.3d, e, and f). Interestingly, at -0.8 V, the 
current density increases to about -7 mA/cm2 before plateauing. This could be attributed to dendrite 
formation which results in a larger surface area. Another interesting point is the similar current 
densities obtained from deposits at -1.1 V and -1.3 V. In the case of no additive and citric acid, the 
difference in current density between -1.1 V and -1.3 V is easily discernible. However, the current 
densities between -1.1 V and -1.3 V with thiourea are similar. This could be due to the reported 
hydrogen evolution inhibition ability of thiourea.160, 161 
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Figure 5.4.1 Current transients on Au with solutions containing 10 mM of CuCl2, ZnCl2, SnCl2, and 100 mM KCl with (a) no 
additives, (b) 100 mM citric acid, and (c) 100 mM thiourea. The solution pH was between 1.5 to 2.0. 
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Figure 5.4.2 Charge density as a function of deposition potential for no additive, citric acid, and thiourea. Black dashed 
line at y = 0 acts as a guide. 
The total charge passed is obtained by integrating the curves in Figure 5.4.1, and the results are 
plotted in Figure 5.4.2. For no additive, the total charge density passed decreases from -0.5 C/cm2 to 
-1.7 C/cm2 and -2.0 C/cm2 as the deposition potential moves from -0.2 V to -0.5 V and -0.8 V. 
At -1.1 V, there is a sudden increase in charge density to -12.5 C/cm2, which is attributed to 
hydrogen evolution reaction. The charge density increased further to -27.3 C/cm2 as the deposition 
potential goes to -1.3 V. In the case of citric acid, the charge density follows the same trend as in the 
case without additive at -0.2 V (-0.5 C/cm2), -0.5 V (-1.7 C/cm2), and -0.8 V (-1.8 C/cm2). As the 
deposition potential moves to -1.1 V and -1.3 V, the charge density increases to -10.0 C/cm2 
and -22.2 C/cm2 respectively. However, it is interesting to note that the charge density for citric acid 
in the hydrogen evolution region (-1.1 V and -1.3 V) is less than the case without additive. With the 
onset of hydrogen evolution, the pH of the local electrode would increase, which would result in the 
activation of the citric acid as a complexing agent.98 This activation would then retard deposition of 
the metal ions by complexation with citrate, resulting in a decreased observed current at -1.1 V 
and -1.3 V. In the case for thiourea, deposition at -0.2 V has a charge density that is close to zero 
(-0.013 C/cm2), which agrees with the deposition potential reduction of Cu in the previous chapter. 
The small amount of current could be due to the electrochemical reduction of H+ adsorbed on the 
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substrate when the substrate was immersed into the electrolyte. As the deposition potential 
decreases to -0.5 V, the total charge density decreases further to -0.4 C/cm2. With a further decrease 
in deposition potentials to -0.8 V, -1.1 V, and -1.3 V, the charge density plateaus at -7.3 C/cm2,                
-7.2 C/cm2, and -7.7 C/cm2 respectively. The lack of a further steep increase in charge density, which 
is observed in the case of no additive and citric acid, adds to the understanding that thiourea inhibits 
hydrogen evolution as suggested in literature.160, 161 
For each solution, the same bath was used to deposit films at -0.2 V, -0.5 V, -0.8 V, -1.1 V, 
and -1.3 V. This approach would be attractive in large-scale plating commonly used in industry. To 
justify this, a calculation was conducted to compare the initial and final concentration after five 
depositions. These assumptions and conditions were used for the calculation: 
1. The highest charge density is taken to consider the worst-case scenario. This corresponds 
to -1.3 V with no additive (Figure 5.4.2). 
2. Assume that all charge passed is due to reduction of Cu2+, which will be an over-estimate 
of the Cu2+ consumed since hydrogen evolution is present. 
3. Cu2+ is studied instead of Sn2+ and Zn2+ as it generally has a more positive deposition 
potential value. 
With these assumptions in place, the number of moles of electrons passed for the film deposited 
at -1.3 V with no additive is: 
 𝑁𝑒 =
𝜎 ∙ 𝐴
𝐹
 Equation 5.4.1 
Where Ne is the number of moles of electrons passed through, σ is the surface charge density, A 
is the surface area of the electrode, and F is the Faraday’s constant (96485 C/mol). For a 
conservative approach, the charge density (27.269 C/cm2) and surface area (0.848 cm2) obtained 
from the deposition at -1.3 V with no additive is used since it has the largest charge density. This 
results in 0.240 mM of electrons transferred. The number of moles of Cu2+ reduced will be half of the 
number of moles of electrons, which results in 0.120 mM of Cu2+. For five depositions in a solution, 
the amount of Cu2+ consumed will be 0.600 mM, which is 12% of the original 5 mM (obtained from 
500 cm3 bath of 10 mM concentration). In addition, since a conservative approach was used for this 
calculation (hydrogen evolution and reduction of other metal ions were not considered), the actual 
amount will be less than 12%.  
The use of a single bath for consistent and reliable multiple bath depositions has been reported 
in literature. Reza et al. reported the use of an industrial gold solution (24K Pure Gold Solution from 
Gold Plating Services, Utah, USA) to deposit gold seed particles that act as templates for subsequent 
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III-V nanowire growth using chemical vapour deposition.163 In their article, they used the same 
solution (with a volume of about 950 ml) and reported a reliable deposition process so long as the 
gold content was kept above 80% of the original value, which is lower than 88% in this study. In 
another study by Calixto et al., they reported a one-bath electrodeposition for Cu(In,Ga)Se2 thin 
films with the two baths detailed in Table 5.4.1.164 Although a low salt concentration (< 10 mM) was 
used, they reported ten depositions from a 500 cm3 bath without significant depletion of bath 
species. These examples highlight the possibility of subsequent depositions with a single bath. 
Table 5.4.1 Concentrations of salts used by Calixto et al. for one-bath deposition of Cu(In,Ga)Se2.
164
 
Bath CuCl2 (mM) InCl3 (mM) GaCl3 (mM) H2SeO3 (mM) LiCl (M) 
A 3.55 4.55 3.73 7.80 0.24 
B 2.56 2.40 5.70 4.47-5.46 0.24 
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Figure 5.4.3 Electron images of films deposited at various potentials with various additives. Scale bar is included at the 
bottom right. Text box in each image shows metal elements detected in the film 
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Figure 5.4.3 shows scanning electron microscope images of the films deposited from -0.2 V 
to -1.3 V with no additives, with citric acid, and with thiourea. Without any additive, large Cu 
particles were obtained at -0.2 V. When the potential was decreased to -0.5 V, nanocubes consisting 
of Cu and Sn were obtained. At -0.8 V and -1.1 V, dendritic morphology with Cu and Sn was 
obtained. Zn was incorporated at -1.3 V with thicker dendrites. 
With citric acid, large Cu particles were also obtained but at a higher density and smaller size than 
without additive when deposited at -0.2 V. The morphology appeared to be aggregates of smaller 
nanocubes at -0.5 V with Cu and Sn present. At more negative potentials, dendritic morphology was 
obtained at -0.8 V with Cu and Sn. Thicker dendrites were obtained with Zn incorporated at -1.1 V 
and -1.3 V. The morphology appears to be similar to those obtained without additives, consistent 
with electrochemical results showing that citric acid is not acting as a complexing agent at pH 
below 2. 
When thiourea was used as an additive, no Cu, Sn, and Zn was detected at -0.2 V, which agrees 
with EDX results from Figure 5.4.4c and the low current transients observed in Figure 5.4.1c. 
At -0.5 V, a smooth Cu-Sn film was obtained. At -0.8 V, aggregates of nanoparticles containing Cu 
and Sn were formed. Zn incorporation was detected at -1.1 V and -1.3 V. 
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Figure 5.4.4 Atomic percent profile (obtained by EDX) of films deposited at -0.2 V, -0.5 V, -0.8 V, -1.1 V, and -1.3 V in one 
bath containing 10 mM of CuCl2, SnCl2, ZnCl2, and 100 mM KCl, (a) without additives, (b) with 100 mM citric acid, (c) with 
100 mM thiourea. Hollow red squares, blue triangles, and green circles along the potential axis represent reduction 
potentials of Cu, Sn, and Zn respectively. Labels in brackets on the right of each bar correspond to images in Figure 5.4.3. 
Figure 5.4.4 shows atomic percentages of Cu, Zn, and Sn in films deposited 
at -0.2 V, -0.5 V, -0.8 V, -1.1 V, and -1.3 V obtained by EDX. In general, in the case of no additive and 
citric acid (Figure 5.4.4a and b), there is a drop in Cu from -0.2 V to -1.3 V, along with a drop in Sn 
from -0.5 V to -1.3 V, while Zn appeared at -1.3 V without additive and -1.1 V with citric acid. As for 
thiourea (Figure 5.4.4c) no Cu was deposited at -0.2 V. This agrees with results from the previous 
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section where a shift in the deposition potential of Cu to more negative values was demonstrated. 
There is a general decrease in Cu and Sn from -0.5 V to -1.3 V while Zn appeared at -1.1 V and -1.3 V. 
In depositions at -1.1 V with citric acid (Figure 5.4.4b) and thiourea (Figure 5.4.4c), Zn was 
detected even though deposition was conducted slightly more positive than the deposition 
potential. The same phenomenon occurred with the deposition at -0.5 V with thiourea, in which Cu 
was detected even though the deposition potential was more positive than the Cu deposition 
potential. Note also that this occurred with electrolytes containing additives as no Zn was detected 
in the film deposited at -1.1 V without additives even though the deposition potential was slightly 
positive to the deposition potential of Zn. Gougaud et al. observed a similar phenomenon for Cu-Sn 
depositions with citrate and/or tartaric acid.64 Sykut et al. reported an acceleration of Zn2+ reduction 
at the electrode with thiourea.165 They proposed that the acceleration is due to the dehydration of 
the reduced complex and adsorption of thiourea on the electrode surface, while coordinated with 
Zn2+, thereby acting as a bridge in its reduction. In addition, with deposition time, the substrate 
surface in contact with the electrolyte will no longer be gold but consists of either a Cu-Sn alloy 
(citric acid) or Sn (thiourea). These factors may have resulted in an underpotential deposition of the 
metals. 
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Figure 5.4.5 Atomic percent profile of metal and oxygen content in films deposited at -0.2 V, -0.5 V, -0.8 V, -1.1 V, 
and -1.3 V in one bath containing 10 mM of CuCl2, SnCl2, ZnCl2, and 100 mM KCl, (a) without additives, (b) with 100 mM 
citric acid, (c) with 100 mM thiourea. Hollow red squares, blue triangles, and green circles along the potential axis 
represent reduction potentials of Cu, Sn, and Zn respectively. Labels in brackets on the right of each bar correspond to 
images in Figure 5.4.3. 
It is noted that in literature, hardly any comments are made about the presence of O in 
electrodeposited films. Figure 5.4.5 shows metal (Cu, Zn, and Sn) and oxygen content in the films 
deposited. The oxygen content for no additives and citric acid increases as the deposition potential 
decreases to more cathodic values. Since the electrolyte was bubbled with N2 to purge dissolved 
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oxygen and no ionic precursors for OH- formation were used, oxygen in the films would most 
probably be due to oxidation in air. Furthermore, the amount of oxygen increased with more 
negative potentials, consistent with the higher surface area morphologies, which would expose 
more sites for oxidation (Figure 5.4.3). 
In the case of thiourea however, there is a small percentage of oxygen detected at -0.5 V but it 
increased at -0.8 V before decreasing again at -1.1 V and -1.3 V. This is attributed to the porosity of 
the films, which resulted in increased surface area for oxidation by ambient air. At -0.5 V, a film is 
formed (Figure 5.4.3f), which results in formation of surface oxides. However, with the porous 
structures at -0.8 V, -1.1 V, and -1.3 V (Figure 5.4.3i, l, o) the number of voids reduce, which 
corresponds to less surface area for oxidation by ambient air. Oxygen content in each film is shown 
in Table 5.4.2. Sulfur content is not shown as there was negligible sulfur detected (<1%) in the 
thiourea bath and none detected in the bath with no additive and citric acid. 
Table 5.4.2 Oxygen content in films deposited at various deposition potentials and additives. 
Additive Deposition potential (V) Oxygen content (%) 
None -0.2 3.3 
None -0.5 10.7 
None -0.8 17.8 
None -1.1 19.7 
None -1.3 34.2 
Citric acid -0.2 4.3 
Citric acid -0.5 7.0 
Citric acid -0.8 14.6 
Citric acid -1.1 22.5 
Citric acid -1.3 22.3 
Thiourea -0.2 0 
Thiourea -0.5 0.6 
Thiourea -0.8 35.6 
Thiourea -1.1 25.7 
Thiourea -1.3 17.4 
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Figure 5.4.6 Electron images of films deposited at -1.3 V (a) without additive, (b) with citric acid, and (c) with thiourea. 
Scale bar is provided at the bottom left. Yellow solid arrows indicate pinholes from hydrogen evolution and yellow 
dashed arrows indicate areas with no deposition. 
Figure 5.4.6 shows electron images of films at a lower magnification than Figure 5.4.3 to 
demonstrate film homogeneity (films deposited at -1.3 V). In the case of no additive and citric acid 
(Figure 5.4.6a and b), pinholes and areas of poor coverage were observed as indicated by the yellow 
solid and dashed lines respectively. However, with thiourea (Figure 5.4.6c), the film was denser with 
better coverage and reduced pinhole size. This highlights the use of thiourea to not only narrow the 
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deposition window between Cu and Zn, but to also deposit smoother films by inhibiting hydrogen 
evolution. 
5.5. Summary 
In this chapter, the effect of deposition potential on film composition and morphology with three 
different additives (citric acid, thiosulfate, and thiourea) was investigated. Films deposited with 
thiosulfate are highly unstable, which flaked off from the substrate despite careful removal of the 
substrate from the solution. Nevertheless, results from the control, citric acid, and thiourea 
experiment demonstrated a trend: as deposition potentials move to more cathodic potentials, 
metals with more cathodic deposition potentials are deposited (i.e. Cu → Sn → Zn). The morphology 
varies from nanocubes to dendrites. Among the additives, thiourea has demonstrated to result in 
films with better coverage and reduced pinhole size.  
In the next chapter, direct sulfur incorporation is pursued using a hybrid electrochemical 
approach of electrodeposition of metal ions and electrophoretic deposition of sulfur particles. 
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6. Co-Deposition of Metal Ions and Sulfur 
6.1. Objective and Motivation 
In Chapter 4, the deposition window between Cu and Zn was reduced with thiourea as an 
additive. Subsequently, a one-bath deposition of Cu, Zn, and Sn was demonstrated with various 
potentials. This chapter proceeds on with the incorporation of sulfur using co-deposition. 
The research objective of this chapter is to answer the question of whether sulfur can be 
incorporated in a one-bath solution using co-deposition, which involves electrophoretic deposition 
of sulfur particles and electrodeposition of metal ions (Cu, Zn, and Sn). 
This research objective was approached with the understanding that co-deposition (hybrid 
deposition of particles and metal ions) have been demonstrated in literature for particle-ion 
systems.166, 167 Nevertheless, this research objective is still novel due to two reasons. First, literature 
on electrophoretic deposition on sulfur is scarce. Second, this objective involves the deposition of 
three metals instead of the usual one, which to the knowledge of the author, has not been 
demonstrated in a co-deposition system.  
6.2. Transition from electrochemical deposition to co-deposition 
In Chapter 4 and 5, films were deposited from an electrochemical process with water as a 
solvent. However, to accommodate the higher potentials required for electrophoretic deposition of 
sulfur particles in the hybrid co-deposition process, water would not be a suitable solvent due to the 
small electrochemical window as presented in Figure 2.7.2. Also, no supporting electrolyte is used as 
most of the charge in the solution should be on the particles rather than free ions. These differences 
were discussed in Chapter 2, and are tabulated in Table 2.7.1.  
Co-deposition with water is not impossible, as demonstrated in the study by Corni et al. who 
reported co-deposition of nickel and alumina coatings using water.166 However, they reported 
challenges with hydrogen evolution reaction as a side-reaction for electrophoretic deposition of 
alumina particles to occur. Hence in this chapter, a move to ethanol as a solvent was deemed 
necessary to eliminate hydrogen evolution. 
Although, the electrochemistry of the co-deposition set-up is expected to be different than that 
of the previous two chapters (due to the absence of a supporting electrolyte and a more viscous 
ethanol medium), this difference is not expected to be of much significant impact as the 
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electrophoretic processes becomes more significant, especially in a study that aims to deposit sulfur 
particles via electrophoretic deposition. 
6.3. Methodology 
A one-bath solution was prepared with the same chemicals as in the previous chapters. To 
accommodate the large cathodic potential (up to -8 V) required for this experiment, ethanol 
absolute (AnalaR NORMAPUR® analytical reagent, VWR) was used as the solvent. The bath 
contained 10 mM Cu2+, 10 mM Zn2+, 10 mM Sn2+, and 100 mM thiourea. Thiourea was selected 
based on results from Chapter 4, which highlight its ability to reduce the deposition potential of Cu. 
Furthermore, thiourea can also be a source of sulfur. Sulfur (purum p.a., ≥99.5% (T), Sigma-Aldrich) 
loading was studied at 0.00 g/L, 0.32 g/L, and 0.64 g/L. Zeta-potential of sulfur particles were 
measured using a Zetasizer Nano Z (Malvern Instruments) in absolute ethanol at room temperature. 
A supporting electrolyte was not used as it would reduce the electrophoretic mobility of the S 
particles. The solution was bubbled for 30 min with Ar to remove dissolved oxygen. The cell 
consisted of Au as the working electrode and Pt mesh as the counter electrode. The reference 
electrode was connected to the counter electrode for these experiments to give a two-electrode 
configuration. Depositions were conducted at room temperature for 10 min with the Eco Chemie 
Autolab PGSTAT 302 potentiostat.  
Two modes of deposition were studied: continuous and pulsed. These two modes were chosen as 
continuous deposition is commonly used in literature, while pulsed deposition offers a rest window 
for surface species to replenish. In the continuous deposition mode, deposition potentials 
of -2 V, -4 V, -6 V, and -8 V, were applied for 10 min. In the pulsed deposition mode, the same 
potentials were applied (Von) for 2 s and Voff (-0.8 V) for 10 s for 300 cycles. The potentials selected 
were significantly more negative than those investigated in Chapter 4 and 5 due to the need for 
electrophoretic movement of sulfur particles. Nevertheless, when compared to potential values 
commonly used for electrophoretic deposition (up to 1000 V), the values chosen in this study are 
substantially small. This reiterates the contrasting parameters required for electrodeposition and 
electrophoretic deposition, which was discussed in Chapter 2. After deposition, the substrates were 
rinsed carefully with ethanol absolute and left to dry in ambient conditions. The list of experiments 
conducted is presented in Table 6.3.1. 
Film morphology was characterized using the Auriga ZEISS Field Emission Scanning Electron 
Microscope (SEM) with an accelerating voltage of 5 kV. Chemical composition was obtained by 
Energy Dispersive X-ray (EDX) analysis with an accelerating voltage of 10 kV. To improve accuracy, at 
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least 12 random analysis points were conducted on flat surfaces of each sample to provide a 
representative average of the chemical composition. 
Table 6.3.1 List of experiments carried out in this chapter. 
Deposition mode Electrolyte S loading (g/L) 
Continuous 10 mM (Cu2+, Zn2+, and Sn2+), and 100 mM thiourea None 
Pulsed 10 mM (Cu2+, Zn2+, and Sn2+), and 100 mM thiourea None 
Pulsed 10 mM (Cu2+, Zn2+, and Sn2+), and 100 mM thiourea 0.32 
Pulsed 10 mM (Cu2+, Zn2+, and Sn2+), and 100 mM thiourea 0.64 
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6.4. Comparison of Continuous and Pulsed Co-Deposition 
 
Figure 6.4.1 High magnification scanning electron microscopy images of morphology using (a-d) continuous and (e-h) 
pulse deposition at (a, e) -2 V, (b, f) -4 V, (c, g) -6 V, and (d, h) -8 V. Scale bars in (a) applies to the rest of the images. 
Films were deposited without sulfur loading. 
Figure 6.4.1 shows high magnification electron images of films deposited with continuous and 
pulsed deposition at -2 V, -4 V, -6 V, and -8 V. The deposition potentials are higher than those 
discussed in Chapter 4 and 5 (range of potentials from -0.2 V to -1.3 V) in order to facilitate 
electrophoretic deposition of sulfur particles. The ethanol absolute solution contained 10 mM of 
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Cu2+, Zn2+, and Sn2+, and 100 mM thiourea. In the continuous mode (Figure 6.4.1a-d), the 
morphology changed from film at -2 V to hillock at -4 V, -6 V, and -8 V. This can be explained by the 
schematic in Figure 6.4.2. 
 
Figure 6.4.2 Schematic of hillocks deposition which starts with (a) solvated metal ions (black) adjacent to the substrate 
(orange) before deposition which (b) forms the nucleation sites (blue) upon application of a deposition potential. Next, a 
diffusion-limited growth is experienced in which (c and d) free ions will deposit on the nearest nuclei (green). This 
process repeats (e and f) to form hillocks. 
Before deposition starts, the substrate-electrolyte interface consists of solvated metal ions 
adjacent to the metal substrate (Figure 6.4.2a). Upon the application of a potential, the adjacent 
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metal ions are deposited and form the nuclei for subsequent growth (Figure 6.4.2b). In a 
diffusion-limited growth, metal ions would need to diffuse from the bulk to the local electrode area 
before deposition takes place. In addition, ethanol has a higher viscosity than water (ηethanol = 1082 
Pa.s and ηwater = 890 Pa
.s),168 which would encourage diffusion-limited growth due to the higher 
viscosity. During diffusion, metal ions would take the path of least distance and be deposited on 
nuclei closest to them (Figure 6.4.2c and d). This continues as metal ions diffuse from the bulk to the 
substrate, resulting in a hillock morphology (Figure 6.4.2e and f). The transition in morphology from 
film at -2 V to hillock at -4 V, -6 V, and -8 V can be explained by a transition from reaction-limited to 
diffusion-limited growth due to large deposition overpotential and inadequate rest time for surface 
species to replenish in a viscous ethanol environment. 
In the pulsed deposition mode (Figure 6.4.1e-h), the morphology is significantly different. At -2 V, 
the morphology consists of nanoplates. The morphology transitions to film at -4 V and -6 V, with 
outlines of nanoplates within the film observed at -4 V. As the deposition potential is increased 
to -8 V, the morphology develops into hillocks.  
The nanoplate morphology could be explained by the Cl-assisted deposition of Cu, which relies on 
the specific adsorption of Cu-Cl complexes on the surface. In the pulse method, the Cu-Cl complex 
would have adequate time for diffusion and adsorption on the surface during the 10 s before it is 
deposited in the 2 s. This adsorption time is not present in the continuous deposition mode, hence 
the absence of nanoplates. 
At -4 V, the driving force for deposition is higher and this results in a larger diffusion layer, 
thereby reducing the time period for diffusion and adsorption of Cu-Cl complexes for 
nanoplate formation. This results in a quasi non-faceted deposition resulting in embedded 
nanoplates in a film. At -6 V, the adsorption time for the Cu-Cl complex is reduced and the 
morphology becomes film-like. The film forms as the off component of the duty cycle allows 
replenishment of metal ions by the electrode. At -8 V, similar hillock deposits are obtained like those 
in the continuous deposition mode. This is attributed to a larger diffusion layer, resulting in the 
growth mechanism represented in Figure 6.4.2. 
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Figure 6.4.3 Low magnification scanning electron microscopy images of morphology using (a-d) continuous and (e-h) 
pulse deposition at (a, e) -2 V, (b, f) -4 V, (c, g) -6 V, and (d, h) -8 V. Scale bars in (a) applies to the rest of the images. 
Figure 6.4.3 shows low magnification electron images of the films deposited from continuous and 
pulsed deposition to convey film homogeneity and coverage. Generally, films from continuous 
deposition mode results in deposits that exhibit poor homogeneity and coverage. In contrast, films 
obtained from pulsed deposition have better film homogeneity and coverage. This is attributed to 
the rest time during the pulsed deposition mode that allows replenishment of metal ions close to 
the electrode, thereby avoiding a diffusion-limited growth. 
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Figure 6.4.4 Atomic percent of Cu-Zn-Sn-S from films obtained from (a) continuous and (b) pulse deposition. No sulfur 
loading was present in both depositions. 
Figure 6.4.4 shows the atomic percent of Cu, Zn, Sn, and S from EDX analysis on the films 
obtained by continuous and pulsed deposition. In both modes, there is a general increase in S 
incorporation and decrease in Cu content as the potential proceeds to move negative values. Zn was 
detected at -4 V, -6 V, and -8 V for both deposition modes, with a higher Zn content in the 
continuous mode than pulsed mode. This could be attributed to the preferred adsorption of Cu-Cl 
complexes that may have covered deposition sites during the rest period in the pulsed deposition 
mode, thereby preventing deposition of Zn. In the case for Sn, very little Sn was detected in both 
continuous and pulsed deposition mode. This could be due to strong competition from Cl-mediated 
Cu deposition.82 
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Although no S particles were added for electrophoretic deposition of S, S was detected. This is 
attributed to the reduction of thiourea to form sulfide in the following reaction:109 
 (NH2)2CS  +  2e
-  →  S2-  +  CN-  +  NH4
+ Equation 6.4.1 
The free sulfide then reacts with the copper deposit and is embedded in the film. This method of 
using thiourea as a sulfur source has been used for electrodepositing metal sulfides such as copper 
sulfide, cobalt sulfide, and nickel sulfide.109, 169-171 
 
Figure 6.4.5 Atomic percent of S in films deposited with continuous (black) and pulsed (red) deposition. Error bars show 
variation in the amount of sulfur measured in the film. 
Figure 6.4.5 shows sulfur atomic percent from films deposited using continuous and pulsed 
deposition. Generally, the continuous mode results in a higher S content than the pulsed mode. This 
could be due to adsorption of the Cu-Cl on the substrate that hinders the reduction of thiourea 
to sulfide. In both modes, as the potential proceeds to more negative values, the amount of S 
detected increased. This can be attributed to a corresponding increase in amount of reduced 
thiourea to form sulfide. 
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Figure 6.4.6 Atomic percent profile of metal, sulfur, and oxygen in films pulsed deposited at -2 V, -4 V, -6 V, and -8 V in 
one bath containing 10 mM of CuCl2, SnCl2, ZnCl2, 100 mM thiourea with (a) continuous, and (b) pulsed deposition. 
Figure 6.4.6 presents a comparison between atomic percent of oxygen compared to the other 
elements between continuous and pulsed mode deposition. In continuous mode, the oxygen 
content increases from -2 V to -6 V before decreasing again at -8 V. This trend correlates surprisingly 
well with the Zn trend in Figure 6.4.4a, which could mean that Zn oxides and/or hydroxides were 
deposited. However, the lack of an oxide or hydroxide precursors such as oxygen (oxygen was 
removed by bubbling with Ar) and water (absolute ethanol was used) would imply that oxide 
formation during deposition is unlikely. Ein-Eli et al. suggested that an alkoxide group (R-O-) attaches 
to Zn via the negatively charged oxygen.172  
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An ethoxide anion from ethanol may form from the following dissociation reaction: 
 CH3CH2OH  →  CH3CH2-O
-  +  H+ Equation 6.4.2 
Whitehead et al. suggested in a solution with Zn2+, the alkoxides may function as ligands for the 
metal ion.173 This deposition of the metal ion with the alkoxide may explain the correlation between 
Zn and oxygen (the Zn:O ratio is 0.63, 0.68, and 0.63 for -4 V, -6 V, and -8 V respectively). In the 
pulsed deposition mode, the amount of oxygen detected is less and approximately constant, 
possibly due to oxidation in air.  
6.5. Effect of Sulfur Loading 
 
Figure 6.5.1 Scanning electron microscope of (a) representative image of sulfur particles used for calculating size 
distribution, and (b) method used to calculate effective diameter of each particle. Note that the image appears to be 
charging possibly due to poor contact between sulfur particles and the carbon tape beneath.  
With continuous and pulsed deposition mode studied in the previous sections, subsequent 
sections will discuss on various sulfur loadings on films deposited by pulsed deposition method. 
Pulsed deposition mode was chosen over continuous deposition mode as the former was 
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demonstrated to deposit films with improved film homogeneity and coverage (Figure 6.4.3). 
Sulfur was added into the electrolyte bath and ultrasonicated for 30 s to disperse the particles 
evenly before deposition on gold substrates. 
Figure 6.5.1a presents a representative electron microscope image of sulfur particles used to 
calculate effective diameter of the particles. It is worth to point out that the image appears to be 
charging with horizontal bright and dark bands. Reasons for charging could be due to poor contact 
between sulfur particles and the carbon tape underneath.  
Due to the non-circular nature of the particles, an effective diameter is used by averaging four 
diameter values. These values were obtained by having four lines cross at the centre of the particle 
(Figure 6.5.1b). This approach was adopted as most of the particles are approximated to be either 
spheres or ovals. 
 
Figure 6.5.2 Diameter distribution of sulfur particles (N = 106). 
Figure 6.5.2 shows the size distribution of 106 sulfur particles. These values were calculated by 
taking the average of four diameter values for each particle under electron imaging. The size of the 
sulfur particles range from 4.3 μm to 69.4 μm. The highest frequency occurs for a diameter size of 
between 10 μm to 15 μm. Large particles (size > 50 μm) were observed. 
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Figure 6.5.3 High magnification scanning electron microscopy images from pulse deposition with (a, d, g, j) 0 g/L 
elemental S, (b, e, h, k) 0.32 g/L elemental S, and (c, f, I, l) 0.64 g/L elemental S at (a-c) -2 V, (d-f) -4 V, (g-i) -6 V, 
and (j-l) -8 V. Scale bars in (a) applies to the rest of the images 
Figure 6.5.3 shows high magnification electron images of films deposited with 0 g/L, 0.32 g/L, 
and 0.64 g/L of S in pulsed deposition mode, which was shown to deposit films with better coverage 
and homogeneity in the previous section. Nanoplate morphology was observed at -2 V, regardless of 
sulfur loading. However, there is an early onset of hillock morphology with 0.32 g/L and 0.64 g/L of 
sulfur loading at -6 V, compared to -8 V without sulfur loading. This could be due to the presence of 
sulfur particles that hinders direct diffusion of metal ions to the growing film. A possible mechanism 
is proposed in Figure 6.5.4. 
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Figure 6.5.4 Particles of sulfur (yellow) surrounded by metal ions suspended in solution (a) before deposition. This 
coverage of sulfur with metal ions changes the surface charge of sulfur from negative to positive. Upon application of a 
deposition potential, (b) metal ions (black) adjacent to the substrate (orange) is reduced forming nuclei (blue). In the 
presence of sulfur particles, (c) subsequent deposition does not occur uniformly throughout the substrate due to 
blocked regions by the sulfur particle. This eventually leads to (d) hillock formation, similar to a diffusion-limited 
growth. 
Figure 6.5.4 presents a schematic of the possible deposition mechanism that occurs with sulfur 
loading. Before deposition occurs, metal ions and sulfur particles are distributed through the 
substrate surface (Figure 6.5.4a). The sulfur particles are enclosed in a layer of positively charged 
metal ions due to its negative zeta-potential. Upon application of a deposition potential, the metal 
ions situated adjacent to the substrate are reduced, forming nuclei for subsequent growth (Figure 
6.5.4b). Subsequently, metal ions in the solution move towards the substrate. However, the 
deposition path of the metal ions is restricted by the presence of sulfur particles (Figure 6.5.4c). 
Hence, pathways without sulfur particles are preferred by metal ions for deposition. This occurs 
through the deposition process, encouraging a pseudo diffusion-limited growth, due to deposition 
pathway restriction by the sulfur particles, eventually leading to an early onset of hillock formation 
and co-deposition of sulfur and metal ions (Figure 6.5.4d). The co-deposition explains the absence of 
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bare sulfur particles in Figure 6.5.3 since they are covered by a layer of metal from the reduction of 
metal ions on the sulfur surface. Note that sulfur particles also move towards the electrode surface 
by electrophoretic deposition, albeit at a slower pace due to the low electrophoretic mobility due to 
a low measured zeta-potential value of -2 mV. 
Sulfur particles depicted in Figure 6.5.1 was not observed in Figure 6.5.3. This could be attributed 
to coverage of the sulfur particle by the adsorbed metal ions as shown in Figure 6.5.4. 
Sedimentation of larger sulfur particles was observed in the first few minutes of the deposition, 
which explains the lack of large sulfur particles on the deposits. Nevertheless, an increase in sulfur 
incorporation (refer to Figure 6.5.7) supports the notion that electrophoretic deposition of sulfur has 
taken place. 
 
Figure 6.5.5 Low magnification scanning electron microscopy images from pulse deposition with (a, d, g, j) 0 g/L 
elemental S, (b, e, h, k) 0.32 g/L elemental S, and (c, f, I, l) 0.64 g/L elemental S at (a-c) -2 V, (d-f) -4 V, (g-i) -6 V, 
and (j-l) -8 V. Scale bars in (a) applies to the rest of the images 
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Figure 6.5.5 shows low magnification electron images of films deposited with 0 g/L, 0.32 g/L, 
and 0.64 g/L of S in pulsed deposition mode. Non-uniform coverage was observed at -6 V with 
0.32 g/L S and -4 V at -0.64 g/L S, both of which occurred at less negative potentials when compared 
to the case without sulfur loading. This highlights that with an increased S loading, film homogeneity 
seems to be worse, possibly due to the presence of S close to the electrode, which would encourage 
hillock formation due to S particles blocking direct diffusion of metal ions onto the substrate as 
shown in Figure 6.5.4.  
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Figure 6.5.6 Atomic percent of Cu-Zn-Sn-S from films obtained using pulse deposition with (a) 0 g/L, (b) 0.32 g/L, 
and (c) 0.64 g/L elemental S. 
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Figure 6.5.6 shows the atomic percent of Cu, Zn, Sn, and S from pulsed deposition mode 
with no S, 0.32 g/L S, and 0.64 g/L S. Generally, Cu decreases with more negative potentials with Zn 
appearing at -4 V, -6 V, and -8 V. In the case of Sn, more Sn is detected at -8 V in the case 
with S loading. The low amount of Zn and Sn could be attributed to an inhibition effect. Ein-Eli et al. 
reported that attachment of an alkoxide group acts as inhibitors for electrodeposition.172 This 
inhibition does not seem to affect Cu deposition possibly due to the Cl-mediated deposition 
mechanism for Cu. This may explain the low content of Zn and Sn but not Cu. 
 
Figure 6.5.7 Atomic percent of S in films deposited with pulsed (red), pulsed with 0.32 g/L S (blue), and pulsed with 
0.64 g/L S (magenta). The black lines above the x-axis represent regions that are dominantly electrophoretic (EPD) or 
electrochemical (ED) in nature  
In comparing S incorporation in Figure 6.5.7, there is generally more S as the S loading increases 
from 0 g/L to 0.32 g/L and 0.64 g/L. The average sulfur atomic percent increased sharply from -6 V to 
-8 V, which implies that -6 V is a threshold voltage before significant sulfur uptake was observed. 
As discussed earlier in Chapter 2 (Literature Review), the deposited weight in electrophoretic 
deposition is proportional to the applied potential and electrophoretic mobility, which itself is 
proportional to the zeta potential. Since the zeta-potential of sulfur particles in ethanol was 
measured to be -2 mV, this would result in a low electrophoretic mobility. Hence a larger applied 
electric field is required to produce significant sulfur incorporation by electrophoretic deposition.  
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Therefore, Figure 6.5.7 shows two deposition regions. Firstly, the region between -2 V to -6 V is 
dominantly electrochemical in nature. In this region, not much sulfur incorporation was observed 
due to an applied potential that is below the threshold identified as -6 V. Nevertheless, sulfur was 
still detected possibly due to breakdown of thiourea to form sulfur. Secondly, the region 
between -6 V to -8 V is dominantly electrophoretic in nature. In this region, a steep increase in sulfur 
incorporation was observed due to an increase in the increased electric field.  
The error bars for the samples deposited at -6 V increased in the order of: no sulfur loading 
(±0.40), 0.64 g/L (±3.59), and 0.32 g/L (±5.66). Depositions at the identified threshold of -6 V could 
result in instability in sulfur incorporation as the deposition was carried out at a potential where the 
dominant deposition mechanism switches from electrochemical (-2 V to -6 V) to electrophoretic 
(-6 V to -8 V). Such a switch in dominant deposition mechanism could have led to inhomogeneous 
sulfur incorporation throughout the film, leading to large error bars. This argument is supported by 
considering the case of the film without sulfur loading, in which the error bar was the smallest 
among the three conditions, possibly due to the absence of a competing electrophoretic mechanism 
for deposition. 
Despite the negative zeta potential of sulfur particles, cathodic deposition was still observed even 
though an anodic deposition was expected. This attraction of negatively charged particles to the 
negative working electrode in cathodic deposition is possibly due to adsorption of metal ions on S 
particles, which changes the polarity of the surface to positive. Guo and Liu reported a shift in zeta 
potential of Cu-In and Cu-Ga colloids from negative to positive by adding 10 μM of trivalent ions 
(In3+ or Ga3+) in acetone, and attributed the change to the physical adsorption of ions on to the 
particle surfaces.174  
The difference between 0.32 g/L and 0.64 g/L sulfur loading when compared to no sulfur loading 
is minimal at -2 V, indicating possibly a low applied deposition potential for significant sulfur 
incorporation from electrophoretic deposition. However, as the deposition potential proceeds to 
more negative values, the difference between sulfur incorporation at each deposition 
potential increases. In the case with no sulfur loading, sulfur is incorporated from decomposition of 
thiourea, while with sulfur loading, sulfur is incorporated from both decomposition of thiourea and 
electrophoretic deposition of sulfur particles. 
The sulfur incorporation between 0.32 g/L and 0.64 g/L sulfur loading shows a slight increase 
even though the loading was doubled. This could be due to instability of the colloid suspension of 
sulfur particles with increased loading due to the low zeta potential of -2 mV. This would result in 
particle agglomeration due to Brownian motion, resulting in large sulfur particles that sediment at 
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the bottom of the solution. An improvement for increased sulfur suspension stability could involve 
adding ionic or steric surfactants to modify the surface charge of the sulfur particle. Another strategy 
is to reduce the size of the sulfur particles, which could be achieved by decomposition of thiosulfate 
into sulfur in acidic conditions (as discussed in Chapter 2 and 4) in the following reaction:84 
 S2O3
2-  +  H+  →  HSO3
-  +  S Equation 6.5.1 
Chaudhuri and Paria reported sulfur particle synthesis by using thiosulfate decomposition.175 
They found that using the cationic surfactant, cetrimonium bromide (CTAB), sulfur particles in the 
range of 50 to 55 nm were obtained. In another study, Steudel and Holdt have reported the use of a 
saturated CTAB to dissolve sulfur (S8) to a concentration of 26.5 μg/mL, which is 5300 times the 
solubility in pure water.176 These reports offer exciting prospects for future work for this study. 
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Figure 6.5.8 Atomic percent profile of metal, sulfur, and oxygen in films pulsed deposited at -2 V, -4 V, -6 V, and -8 V in 
one bath containing 10 mM of CuCl2, SnCl2, ZnCl2, 100 mM thiourea with (a) no sulfur, (b) 0.32 g/L S, and (c) 0.64 g/L S. 
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Figure 6.5.8 presents a comparison between atomic percent of oxygen compared to the other 
elements for films deposited by pulsed deposition mode with no sulfur loading, 0.32 g/L of sulfur, 
and 0.64 g/L of sulfur. The amount of oxygen detected with sulfur loading is higher than without 
sulfur loading. Also, the amount of oxygen detected for 0.32 g/L of sulfur, and 0.64 g/L of sulfur is 
approximately similar. Hence it seems that the addition of sulfur has increased the oxygen content. 
This could be explained by the adsorption of metal ions on the sulfur powder, which effectively 
reduces the free concentration of metal ions, thereby resulting in a lower total amount of metal 
deposited on the films, giving the impression that the amount of oxygen has increased. 
Table 6.5.1 Ratio of O:Metal for films obtained from pulsed deposition at -2 V, -4 V, -6 V, and -8 V, each with sulfur 
loadings of 0 g/L, 0.32 g/L, and 0.64 g/L. 
 O:Metal ratio 
Potential (V) 0 g/L S 0.32 g/L S 0.64 g/L S 
-2 V 0.12 0.14 0.18 
-4 V 0.08 0.17 0.18 
-6 V 0.19 0.19 0.24 
-8 V 0.22 0.36 0.41 
 
6.6. Summary 
In this chapter, the effect of continuous and pulsed deposition mode on one-bath deposition of 
Cu, Zn, and Sn in an absolute ethanol solution with thiourea as an additive was investigated. The 
deposition potentials were varied at -2 V, -4 V, -6 V, and -8 V. Pulsed deposition mode resulted in 
films with better coverage and homogeneity compared to films deposited from continuous 
mode deposition. Interesting nanoplate morphology was observed for pulsed deposition at -2 V. 
With 0.32 g/L of sulfur loading, the amount of sulfur incorporated into the film is much higher than 
pulsed deposition without sulfur, which highlights that sulfur incorporation during film formation is 
possible with co-deposition of metal ions and sulfur particles. When the loading was increased 
further to 0.64 g/L, a slight increase in sulfur incorporation was observed. 
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7. Conclusions and Future Work 
7.1. Conclusions 
The CZTS solar cell differentiates itself from other thin film solar cell technology in terms of 
suitability (CZTS has a direct band gap), toxicity (CZTS uses elements that are non-toxic), and 
availability (CZTS employs elements that are earth-abundant as compared to In and Te in CIGS and 
CdTe respectively). One potential production method for CZTS films is electrodeposition, which has 
been used in industry for several applications in coatings. The choice of a one-bath approach, where 
Cu, Zn, Sn are simultaneously deposited, is attractive for scaling up as it only requires one optimised 
bath instead of three (one for each metal). Nevertheless, the challenge of a wide deposition 
potential difference between Cu and Zn remains. 
In this thesis, the wide deposition potential difference between Cu and Zn is reduced from 1.06 V 
to 0.62 V through careful selection of complexing agents. At a pH range of 1.5 to 2.0, where Sn2+ is 
stable, citric acid does not show any complexing effect with cyclic voltammetry curves that are 
similar to a bath without additive. Thiosulfate and thiourea exhibits complexing effect for Cu as 
demonstrated in a shift of reduction peak to more negative values such that the system is no longer 
defined by the Cu-Zn deposition potential window but by the Sn-Zn deposition potential window. In 
view of the instability of thiosulfate in acidic media, thiourea is a better choice as it is stable in acidic 
regions, which will be suitable for a one-bath deposition for CZTS films. A molybdenum substrate 
was used in a repeat experiment, and the same complexing effect of thiosulfate and thiourea was 
found. This indicates that the observed phenomenon is not substrate dependant. 
Subsequently, with a suitable complexing agent identified, the experiment proceeded on to a 
one-bath with the three elements. Various deposition potentials (-0.2 V, -0.5 V, -0.8 V, -1.1 V, 
and -1.3 V) were used and its effect on morphology and composition studied. Results for the bath 
without additive and citric acid showed similar results in both morphology and composition, 
supporting the understanding in literature that citric acid is inactivated at low pH values. As the 
deposition potential increases to more negative values, the morphology changes from particles to 
nanocubes to dendrites. In terms of composition, Sn was detected from -0.5 V onwards, and Zn was 
detected from -1.3 V and -1.1 V onwards for no additive and citric acid respectively. In the case of 
thiourea, no deposition was observed at  -0.2 V, which agrees with results from the previous chapter 
showing that the copper deposition potential has been shifted to more negative values with 
thiourea addition. The incorporation of Sn was observed from -0.5 V onwards, and Zn was detected 
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from -1.1 V onwards. In the presence of thiourea, films were found to have better film coverage and 
smaller pinholes when deposited at -1.3 V. 
Once a one-bath for Cu-Zn-Sn containing a suitable complexing agent was developed, the study 
progressed into incorporating sulfur via solution means. A hybrid co-deposition method, which 
employs electrodeposition of metal ions and electrophoretic deposition of sulfur particles, was 
employed to achieve this. Before loading the bath with sulfur, a comparison between continuous 
and pulsed deposition mode was studied at -2 V, -4 V, -6 V, and -8 V. Films from pulsed deposition 
mode exhibited improved film homogeneity compared to films deposited from continuous 
deposition mode. In addition, interesting nanoplate structures were observed at -2 V. Once the 
choice of deposition mode has been established to be pulsed mode, the effect of sulfur loading on 
sulfur incorporation was investigated. From no loading to 0.32 g/L, a general increase in sulfur 
incorporation was observed in the films with little change in morphology of the films. As the loading 
increased further to 0.64 g/L, there is a slight increase in sulfur incorporation. 
In conclusion, this work has explored the potential of a low-cost and environmentally processing 
method for depositing Cu-Zn-Sn-S films. The milestones in this work were marked with answers to 
the following questions: 
1. Can the deposition window between Cu and Zn be reduced? 
2. After the deposition window between Cu and Zn is reduced, can films be deposited in a 
one-bath solution? 
3. After ternary incorporation of Cu, Zn, and Sn was demonstrated, can S be incorporated? 
Although the above questions were answered, there still remains several ideas that could be 
developed and explored further as a result of this project. These ideas and recommendations for 
future work are elaborated in the next section. 
7.2. Future Work 
Several areas for future work have been identified and are listed below: 
 Further study on the possibility of tailoring the deposition potential further by a 
combination of additives could be explored. 
 Study of the complex species by NMR. 
 Improve film morphology and reduce pinhole size by using pulsed deposition or adding 
ethanol to reduce bubble formation. 
 Investigate nanoplates obtained from co-deposition process for applications requiring 
high surface area. This would also involve optimisation of annealing parameters. 
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 Explore the addition of surfactants to increase the magnitude of the zeta-potential of 
sulfur particles for improved electrophoretic mobility, thus leading to increased sulfur 
incorporation. 
 Optimise anneal parameters on films obtained from this study. This could incorporate the 
two-step annealing process recently adopted in literature to form binary sulfides before 
forming CZTS. 
 Device fabrication and explore how processing conditions (deposition potential, bath 
composition, and pH) affects morphology and composition, which in turn affects device 
performance. 
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Appendix A. Direct in situ Observation of ZnO 
Nucleation via Transmission X-Ray 
Microscopy 
A.1. Introduction 
Electrodeposition offers the advantage of low operational cost and scalability for synthesis of 
nanoparticles and nanostructured coatings.177 The properties of the synthesised nanoparticles 
depend on their size and morphology, which in turn depends on nucleation behaviour and growth. 
Hence, there exists a need for advanced characterisation methods to observe nanoparticle 
nucleation and growth in situ, and on the nanometre length scale during electrodeposition. Such 
methods will allow a deeper understanding of nucleation and growth, thereby leading to devices 
with improved crystallinity and tailored texturing for enhanced properties. 
In literature, techniques capable of spatially resolving in situ nanostructure growth are few, 
which consist mainly of transmission electron microscopy (TEM) and synchrotron-based 
transmission X-ray microscopy (TXM). Typically, the in situ TEM cell dimensions are in the order of 
several hundred nanometres,178-180 while in situ X-ray cell dimensions are in the order of millimetres 
depending on the photon energy.181 These in situ cells consist of two SiNx windows that contain 
small volumes of liquid.180, 182  
However, due to the small volumes contained in these in situ cells, which is in the order of 100 
nL,183 diffusion-limited constraints are experienced. Such limitations are not representative of bulk 
electrodeposition systems, which have volumes in the order of mL. The other challenge with a small 
volume is the limited number of ions for in situ studies. Williamson et al. reported reduced 
electrodeposited Cu growth rates after two seconds, which they attributed to the depletion of Cu2+ 
in the cell.184 
In view of these limitations with current techniques, a method was developed for direct in situ 
observation of nanoparticle nucleation and growth via transmission X-ray microscopy. The ZnO 
system was chosen due to its relevance in optoelectronic devices, and established understanding of 
its growth in bulk conditions, in which morphology and film quality is dependent on Zn2+ 
concentrations and deposition potentials.158 To the best of the author’s knowledge, this work is the 
first to report direct in situ transmission X-ray microscopy imaging and analysis of electrodeposited 
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nanomaterials. The development of this methodology for direct in situ imaging opens the possibility 
for deeper understanding of nucleation and growth mechanisms in other electrolyte systems. 
The author would like to acknowledge and thank the following collaborators who have helped 
with this work: Dr. Amy Cruickshank for initial experiments optimising experimental conditions in 
the beamline, Dr. Angela Goode for her help with the schematic of the cell (Figure A.2.1) and TXM 
data analysis (Figure A.3.1 and Figure A.4.1), and Dr. Johanna Nelson Weker for assistance with 
imaging with the transmission X-ray microscopy. This work was carried out at the Stanford 
Synchrotron Radiation Lightsource (SSRL) beamline 6-2, and submitted to Chemical 
Communications: S. E. R. Tay, A. E. Goode, J. Nelson Weker, A. C. Cruickshank, S. Heutz, A. E. Porter, 
M. P. Ryan, and M. F. Toney (Direct in situ observation of ZnO nucleation and growth via 
transmission X-ray microscopy). 
A.2. Methodology 
An in situ three electrode cell (Figure A.2.1) with a capacity of 30 mL capable of studying the 
electrodeposition of nanostructures within a transmission X-ray microscope was developed and 
fabricated by 3D printing with the high temperature material Objet RGD525. The cross section is 
2 cm at the top to accommodate the counter and reference electrodes, resistive heather, and 
pipette for oxygen bubbling. The cross-section thins to 2 mm in order to reduce the path length of 
the X-rays through the electrolyte. Another feature of the cell is an additional through-hole, which 
allows reference images to be taken for conversion of raw images to absorption images. 
 
Figure A.2.1 Schematic showing front and side views of in situ electrochemical cell. Inset shows the path of the X-ray 
beam through 2 mm of electrolyte and Kapton windows, one of which is sputter-coated with Au to act as the working 
electrode. 
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A three-electrode setup was used with Pt and Ag/AgCl as the counter and reference electrode 
respectively. The working electrode was made by sputtering 10 nm thick Au on Kapton. The films 
were cleaned in the order of acetone, isopropanol, and DI water for 10 min at each step. Attachment 
of the film to the cell was achieved by using Araldite® glue, and left to harden for a minimum of 
two hours. The electrolyte solution contained Zn(NO3)2 (Riedel DeHaën, 98%) and KCl (BDH, 99%). 
To investigate the effect of [Zn2+], two different concentrations of Zn(NO3)2 at 5 mM and 50 mM 
were used while the concentration of KCl was fixed at 0.1 M. Oxygen bubbling for 30 min was used, 
and the temperature adjusted to about 65 oC with a resistive heater. A thermometer was used to 
check the temperature of the solution before electrodeposition. Film growth was conducted at -0.97 
V for 30 min with a Gamry Reference 600 potentiostat. Potentials quoted are with reference to the 
Ag/AgCl electrode unless otherwise stated. 
X-ray imaging was conducted using the Zeiss (formally Xradia) full-field X-ray microscope at the 
Stanford Synchrotron Radiation Lightsource (SSRL) beamline 6-2. The micrographs were taken at 
9700 eV directly above the Zn K-edge, which has an onset at 9661 eV, which provided good 
absorption contrast of both Au fiducial markers and nanoparticles. Imaging of in situ ZnO 
nanoparticle growth was sampled at 2 second intervals. The field of view was 40 × 40 μm2 with a 
19 nm pixel size, and spatial resolution of 30 nm. Before each experimental run, reference images 
were acquired through an additional hole in the in situ cell to be used for removal of imaging 
artefacts due to imperfections in the X-ray beam and detector system. Further details on the 
microscope can be found in papers by Andrews et al.,185 Liu et al.,186 and Meirer et al.187 
After in situ deposition, substrates were mounted for SEM analysis. Secondary electron SEM 
micrographs were acquired on the Auriga ZEISS Field Emission Scanning Electron Microscope (SEM) 
with an accelerating voltage of 5 kV. 
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A.3. Comparison of Nanorod and Nanoplate Growth 
 
Figure A.3.1 Absorption images showing the evolution of nanoparticle morphology deposited at -0.97 V with (a-d) 5 mM 
Zn(NO3)2 and (e-h) 50 mM Zn(NO3)2. Images were taken at (a, e) 100 s, (b, f) 300 s, (c, g) 500 s, and (d, h) 700 s.  
Figure A.3.1 shows a series of absorption images acquired during electrodeposition with 5 mM of 
[Zn2+] at -0.97 V. As deposition time increases, both nanorods (Figure A.3.1a-d) and nanoplates 
(Figure A.3.1e-h) become more defined. It is worth noting that the Au fiducial markers (highlighted 
with arrows in Figure A.3.1e) remain at the same area, indicating that the field of view did not shift 
significantly.  
 
Figure A.3.2 Electron images of samples acquired after deposition with (a) 5 mM Zn(NO3)2 and (b) 50 mM Zn(NO3)2. 
Scale bar in inset represents 200 nm. 
Figure A.3.2 presents electron images of the samples after deposition. When comparing the 
nanorod images (Figure A.3.1d and Figure A.3.2a) and nanoplate images (Figure A.3.1h and Figure 
A.3.2b) obtained by TXM absorption and electron imaging, a close match was observed. Note that 
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for the nanorod sample, the features observed in X-ray micrographs are not individual rods but 
larger-scale texture of the nanoparticle film. Due to the limited spatial resolution of the TXM, and 
low signal to noise ratio of the dynamic imaging, individual nanorods were not resolved. Ex situ SEM 
of the same sample (inset of Figure A.3.2a), probing only the surface structure but on a much finer 
length scale, revealed individual nanorods 50-90 nm in diameter that coalesce to from nanorods 
200 nm in diameter. 
 
Figure A.3.3 Current transients for in situ nanorods (5 mM Zn(NO3)2) and nanoplates (50 mM Zn(NO3)2) depositions. 
Figure A.3.3 presents in situ current transients from nanorods and nanoplates deposition. Initial 
peaks in the current density transients (at 25 s for nanorods and 90 s for nanoplates) were observed 
corresponding to the nucleation phase, followed by a steady current density which was larger in 
magnitude for the nanoplate film compared to the nanorod film. This higher current density is 
attributed to the increased Zn(NO3)2 concentration, which leads to increased nitrate reduction.  
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A.4. Swirling of ZnO Precipitates 
 
Figure A.4.1 Absorption images in each row were acquired two seconds apart, at 200 s (a-d), 270 s (e-h), 316 s (i-l), and 
330 s (m-p). Swirling particles which appear smeared are most apparent in (a-d) and are also present at later times (n-p). 
Figure A.4.1 shows a series of absorption images acquired during electrodeposition using 50 mM 
[Zn2+] and a less negative deposition potential of -0.75 V. The current density displays a delayed and 
prominent peak between 200 and 500 s corresponding to a lengthy nucleation process (Figure 
A.4.2). Between 200 s and 350 s, rapid changes in particle distribution are observed (Figure 
A.4.1a-p). Structures sometimes appear blurred, due to movement during the 2 s acquisition time. 
By 350 s, the swirling particles were no longer observed.  
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Figure A.4.2 Current transients for film deposited at -0.75 V with 50 mM Zn(NO3)2. 
These observations are consistent with the nucleation of ZnO precipitates within the electrolyte 
close to the electrode surface. In the vicinity of the working electrode, the hydroxyl concentration is 
increasing due to nitrate reduction and the solubility limit of ZnO is reached (Figure A.4.3).158, 188 ZnO 
is hypothesised to precipitate in the electrolyte and subsequently become deposited onto the 
electrode where it continues to grow. This observation of ‘swirling’ at the less negative potential 
of -0.75 V and not at -0.97 V is consistent with the increased reaction rate for nitrate reduction at 
more negative potentials, and the resultant rapid supersaturation and nucleation directly at the 
electrode surface: hence precipitates are stationary at the substrate at much faster time scales. This 
direct, in situ observation of instantaneous versus delayed nucleation highlights the advantage of 
using TXM to understand dynamic processes in nucleation and growth studies. 
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Figure A.4.3 Schematic of local area close to working electrode with ZnO (in green) precipitation due to supersaturation 
of ZnO at high hydroxyl concentration. 
Prior to this work, in situ studies of ZnO nanostructure growth were performed using X-ray 
diffraction and bulk XANES,189, 190 and imaging on the nanometre length scale could only be achieved 
by analysing films ex situ using SEM.190 However, it is well known that ZnO can re-dissolve into the 
electrolyte once the applied field is removed and OH- diffusion away from the electrode restores the 
system pH.191 Artefacts may arise due to partial dissolution of nanostructures between the end of 
electrodeposition and the removal of the substrate from the electrolyte. Small nanostructures which 
form at the start of the nucleation process will be particularly affected by dissolution, making their 
size and morphology difficult to measure by ex situ electron microscopy imaging. Here, the ability to 
image nanostructures through the surrounding electrolyte and under applied field during deposition 
allows avoidance of dissolution, adhesion or drying artefacts. 
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A.5. Summary 
We have demonstrated with TXM in situ X-ray microscopy imaging of the nucleation and growth 
of ZnO nanorods and nanoplates. At -0.97 V, real-time growth of nanorods and nanoplates were 
observed at 5 mM and 50 mM of [Zn2+] respectively. New nucleation sites were not observed, 
indicating an initial instantaneous nucleation followed by growth. Image stills at various time points 
highlighted morphological changes during growth. In contrast, at -0.75 V, swirling of ZnO particles 
was observed in the electrolyte. Our results are consistent with established understanding in 
literature regarding ZnO precipitation at supersaturated conditions, which has been long 
hypothesised but not experimentally verified or visualised until now. These transient events which 
occur away from the substrate surface cannot be accessed using conventional ex situ techniques. 
However, given the current limitations on X-ray resolution, correlation between ex situ electron 
microscopy analysis and dynamic in situ TXM measurements is required to fully elucidate the 
nucleation events of nanoparticles under 50 nm in size. With a better understanding of nucleation 
and growth of ZnO, films with improved crystallinity and various morphologies could be deposited 
for various optoelectronic applications. Further nucleation and growth studies of other systems 
could be investigated by TXM, which obviates diffusion-limited constraints. 
 
 
